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Abstract 

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

For the pile-supported marine structures such as the monopile-supported offshore wind 

turbines (OWTs) and the pile-supported bridges, scour can decrease the pile capacities 

and alter the dynamic responses of the structures.  At present, there is not a widely 

accepted method to estimate pile axial or lateral capacity under scoured conditions.  For 

example, different recommendations are used among the existing design standards for 

estimation of the vertical effective stress and the resulting capacities for single piles 

under different scour conditions.  None of the existing standards or design practice has 

even considered the scour effects on the behavior of pile groups.  Furthermore, the 

investigation into the responses of piles under multiple hazards of scour and 

earthquakes is rarely reported.   

To address the foregoing limitations, this study first introduces an analytical 

solution to determining the vertical effective stress of soils around single isolated piles 

under scoured conditions and uses it to examine the limitations of the existing standards 

in estimation of pile tensile capacity (Chapter 1).  The effect of soil-pile interface 

friction is highlighted.  Next, the study proposes new approaches to investigating the 

combined effects of scour and earthquakes on the lateral responses of the monopile-

supported OWTs in sand (Chapter 2) and soft clay (Chapter 3).  Lastly, simple and 

practical methods are developed based on the p-y curve framework for analyzing the 

lateral responses of pile groups in sand (Chapter 4) and soft clay (Chapter 5) subjected 

to static lateral loading.   

The proposed methods in this study were encoded into a series of open-source 

computer scripts for engineering practice.  They were verified with the 3D continuum 

finite element (FE) analyses.  Using the proposed methods, standard methods, and 3D 

FE method, parametric analyses were conducted to investigate the scour effects on the 

lateral behavior of the monopile-supported OWTs under crustal earthquakes and that of 

the pile groups under static loading.  The factors considered in the parametric study 

included effects of scour-hole dimensions, soil stress history, soil density, soil-pile 

interface behavior, soil liquefaction potential, pile group configurations, etc.  Through 

the parametric analyses, the standard methods were critically assessed by comparing 
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the results to those calculated by the proposed methods and 3D FE methods, and some 

design-related issues were also discussed.   
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Chapter 1 Evaluation of Vertical Effective 

Stress and Pile Tension Capacity in Sands 

Considering Scour-Hole Dimensions 

1.1 Abstract 

Evaluation of vertical effective stress of soils around piles is essential to calculation 

of pile capacities.  However, the widely-used design manuals such as FHWA and API 

recommend different methods for calculating the vertical effective stress under scour 

conditions, which thus lead to different calculations of pile capacities.  This paper was 

to evaluate the suitability of the existing methods and the proposed analytical solution 

for estimation of pile tension capacity by comparing them with FE analyses under 

different scour-hole dimensions.  Based on the comparisons, recommendations were 

developed for selecting an appropriate method to calculate pile tension capacity under 

different scour-hole conditions.   

1.2 Introduction 

Pile foundations in river and ocean can suffer enormous loss of soil supports due 

to scour.  To ensure the safety of bridges and marine structures, pile foundations should 

be designed with adequate capacities against scour in floods or hurricanes.  Scour 

generally consists of general scour (erosion across the riverbed) and local scour 

(developing a scour hole at the foundation).  General scour causes the uniform reduction 

of vertical effective stress in the remaining (or unscoured) soils; however, the stress 

reduction due to local scour is nonuniform and highly dependent on the dimensions of 

a scour hole.  Currently, the widely used design manuals including American Petroleum 

Institute (API) (API, 2011), US Federal Highway Administration-Driven Piles (denoted 

as FHWA-DP) (Patrick et al., 2016), and FHWA-Drilled Shafts (denoted as FHWA-DS) 

(Brown et al., 2010) specify different methods to estimate vertical effective stress of 

remaining soils at piles under local scour (Lin and Wu, 2019).  The different stress 

calculations lead to the pronounced difference in calculated pile lateral or axial capacity, 

which thus confuses the engineer on selecting an appropriate method for the design.  
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Lin and Wu (2019) compared the existing methods (i.e., FHWA-DP, FHWA-DS, and 

API) with their proposed closed-form solution and quantified the difference in terms of 

pile lateral capacity.  They found that FHWA-DP and FHWA-DS overestimated pile 

lateral capacity by 34%-47% and 12%-22%, respectively, while API gave the most 

agreeable estimation but was only applicable in limited scour-hole conditions.   

Extensive research efforts have been focused on scour effects on the behavior of 

laterally loaded piles considering various scour-hole dimensions (Achmus et al., 2010; 

Lin et al., 2016, 2014a; Søren and Lars Bo, 2013; Tseng et al., 2017; H. Zhang et al., 

2017).  However, limited attention has been paid to variations of pile axial capacity 

including both compression and tension capacities with scour-hole dimensions.  In 

particular, almost no effort has been made to evaluate the difference in pile compression 

or tension capacity due to the different stress calculations recommended by the existing 

methods.  

The objective of this paper was to investigate how the different stress calculations 

by the existing methods (i.e., FHWA-DS, FHWA-DP, and API) and an analytical 

solution proposed by the authors (Lin, 2017) would affect the calculations of pile 

tension capacity under local scour.  A series of FE analyses (65 cases) was run on single 

piles in both loose and dense sands under a wide range of scour-hole dimensions.  The 

FE results including vertical effective stress and pile tension capacity were compared 

with those from the existing methods and the analytical solution (Lin, 2017).  Based on 

the comparisons and discussions, recommendations for selecting a proper method were 

developed.  

1.3 Pile tension capacity under local scour conditions 

In general design practices, pile tension capacity is often estimated as the ultimate 

tensile load according to various design methods such as Reese and O’Neil (1988) and 

Fleming et al. (1992).  In this study, the method of Fleming et al. (1992) was adopted 

as it yielded the agreeable prediction to in-situ testing data for bored piles (Krabbenhoft 

et al., 2008).  It can be expressed as  

 

𝑅s = ∫ (𝜋𝐷𝐾𝜎v
′tan𝛿)d𝑧

𝐿e
0

                                     (1-1) 

 

The value of K is typically chosen as 0.9 for sands and 0.6 for silts.  The value of 
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 was chosen as peak friction angle of soils in this study (Krabbenhoft et al., 2008), 

equal to 28o and 39o for loose and dense sands, respectively.  The detailed soil and pile 

properties are summarized in Table 1.1.  It should be noted that the present study was 

focused on the effect of scour-hole dimensions on pile tension capacity and the effect 

of stress history changes in remaining soil due to scour on soil properties (e.g., K and 

’) and pile capacities (Liang et al., 2018, 2015; Lin et al., 2014b, 2010) was not 

considered in this study.  The value of ’v was chosen as ’v=’Z before scour occurred 

but as ’va after scour occurred.  The value of ’va for local scour conditions was 

determined using FHWA-DP, FHWA-DS, API, and the analytical solution (Lin, 2017) 

as discussed later.  The value was taken as ’va=’z when local scour evolved into 

general scour (i.e., Swb=∞).   

In finite element (FE) analyses, two-dimensional axisymmetric FE models were 

built in the commercial software, Plaxis.  The vertical boundary was set 50D from the 

pile center and the bottom horizontal boundary was 20D below the pile tip.  These 

boundaries were found to have a negligent effect on the results of numerical modelling.  

A “medium size” meshing function in Plaxis was selected, which automatically created 

a large number of 15-node triangular elements (approximately 1500 to 3500).  The 

computational results become less sensitive to meshing density when soil-pile interface 

is created (Wehnert and Vermeer, 2004).  In the FE models, soil-pile interface was 

established and the “medium-size” mesh was sufficient to achieve computational 

accuracy.  In the soil-pile interface, shear strength was chosen as that of the adjacent 

soil (i.e., Rint=1.0 in Table 1.1).  Soils were simulated using the elastic perfectly plastic 

Mohr-Coulomb model and piles as an elastic material.  Soil parameters used in FE 

analyses varied with the density of sands.  As shown in Table 1.1, a larger elastic 

modulus, a slightly higher unit weight, and a lower void ratio were used for dense sand 

than loose sand.  Dilatancy was considered in dense sand but not in loose sand.  The 

dilatant angle was computed using ='-30° as suggested by Plaxis. The numerical 

calculation proceeded with the initial equilibrium of the model, followed by imposing 

tensile displacement on the pile head.  The pile tensile loads were computed at the 

corresponding imposed tensile displacements.  The pile tension capacity was taken as 

the tensile load that corresponded to a pile tensile displacement of 5%D.  The shaft 

resistance is typically mobilized at a pile axial displacement of 0.5%-2%D (Fleming et 

al., 2009; Mullins et al., 2006).  The higher pile displacement of 5%D was chosen herein 

mainly to account for the potential rebound of piles after scour.   
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Table 1.1 Soil and pile parameters 

Soil parameters  Loose sand Dense sand 

Soil (Mohr-Coulomb)   

Saturated unit weight, s (kN/m3) 19 21 

Elastic modulus, Es (MPa) 20 100 

Poisson’s ratio, s 0.3 0.3 

Void ratio, eint 0.7 0.4 

Effective friction angle, ’ (°) 28 39 

Dilatant angle,  (°) 0 9 

Soil-pile interface   

Reduction factor, Rint 1  

Pile (linear elastic)   

Unit weight, p (kN/m3) 24  

Elastic modulus, Ep (GPa) 24  

Poisson’s ratio, p 0.15  

Pile diameter, D (m) 1  

Pile length (fully embedded), L (×D) 20  
 

As described previously, pile tension capacity determined by FEM was based on 

the serviceability limit state, which is different from the ultimate limit state used in Eq. 

(1-1) (Fleming et al., 1992).  To make the results computed by both methods 

comparable, tension capacity ratio was used instead of the absolute value of tension 

capacity.  It is defined as a ratio of pile tension capacity calculated after scour to that 

before scour, i.e., tension capacity ratio=Rs(post-scour)/Rs(pre-scour).   

1.4 Approaches for evaluation of vertical effective stress at 

piles under local scour 

Local scour forms a scour hole around the piles. In general design practices, the 

scour hole is simplified as an inverted truncated cone with the dimensions defined by 

Sd, Swb, and S in Figure 1.1(a).  For foundations in river, FHWA HEC-18 (Arneson et 

al., 2012) recommends the top width of scour hole be twice the scour depth (i.e., Swt=2Sd) 

which corresponds to Swb=0 and S=26.6°, and the value of Sd can be varied.  For 

foundations in ocean, similar dimensions of the scour hole (i.e., Swb=0 and S=30°) are 

used (Whitehouse, 1998) but Sd=1.5D is often suggested (API, 2011).   
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Figure 1.1 (a) Scour-hole dimensions and (b) schematic of stress distribution by 

different methods 

The formation of a scour hole reduces the vertical effective stress in the remaining 

soils around piles and the reduction rate of the stress becomes smaller at greater depths.  

The existing methods account for this in different ways.  FHWA-DP ignores the scour-

induced stress reduction, so its vertical effective stress follows a linear line calculated 

from the pre-scour ground as illustrated in Figure 1.1(b), whereas FHWD-DS and API 

consider the stress reduction but only to a limited depth, so their vertical effective stress 

follows two lines.  Before the limited depth, the stress is calculated from the post-scour 

ground; however, below this depth, no further reduction in the stress occurs and 

therefore the stress is calculated from the pre-scour ground in Figure 1.1(b).  Lin and 

Wu (2019) defined this limited depth as the influence depth.  It is equal to 1.5Sd below 

the post-scour ground according to FHWA-DS (i.e., zi=1.5Sd) and 6D below the pre-

scour ground according to API.  Since API recommends Sd=1.5D, its influence depth is 

zi=3Sd below the post-scour ground.  The detailed stress calculation using the existing 

methods can be referenced to Lin and Wu (2019).  Note that although API’s 

recommendation is based on only one scour depth, the influence depth zi=3Sd was 

extended to other scour depths in this paper. 

The above methods can consider various Sd but only a constant Swb and S (i.e., 

Swb=0 and S=26.6°or 30°).  To consider various scour-hole dimensions, the authors 

(Lin, 2017) proposed a closed-form equation based on Boussinesq’s point load equation, 

 



 

Page 6 of 198 

which is dubbed the analytical solution throughout this paper,  

 

𝜎va
′ = 𝛾′𝑧 [1 + (tan𝑆𝜃) (

𝑆d cot 𝑆𝜃+𝑆wb

√(𝑆d cot 𝑆𝜃+𝑆wb)
2+𝑧2

−
𝑆wb

√𝑆wb
2 +𝑧2

)]  (1-2) 

 

The above-mentioned methods including FHWA-DP, FHWA-DS, API, and the 

analytical solution (Lin, 2017) yielded different ’va for different scour-hole dimensions.  

The calculated ’va was then substituted for ’v in Eq. (1-1) to calculate pile tension 

capacity under different scour-hole dimensions.  As with tension capacity ratio, a stress 

ratio equal to ’va/’va was adopted to represent the stress results.  The obtained stress 

ratio and tension capacity ratio were compared with those from FE analyses.  The 

results are discussed next.   

1.5 Results and discussion 

Figure 1.2 shows the stress ratio distribution obtained for Sd=1.5D, Swb=0, and 

S=26.6°.  From the figure, the analytical solution (Lin, 2017) agreed with API, both 

yielding the lowest stress ratio among the methods considered.  The stress ratio from 

FHWA-DP was the highest and equal to 1.0 as it ignores the scour-induced stress 

reduction.  Surprisingly, FHWA-DS produced the most agreeable results with the FEM 

except at shallow depths (i.e., z<0.75D).  Unlike the monotonic decrease found in other 

methods, the stress ratio from FEM reached a peak before following a continuous 

decrease with depth.  This was due to the soil-pile interface friction that suppressed the 

rebound of the remaining soils near the piles after scour.  Neither the analytical solution 

nor the existing methods could capture this.  If the pile was replaced by soil and the pile 

stickup was removed in the FE model, the calculated stress ratio matched well that of 

the analytical solution.  These results indicate that the soil-pile interactions played a 

favorable role in preventing the scour-induced reduction in vertical effective stress at 

piles.  It explains why the analytical solution yielded a lower stress ratio than FEM.  To 

evaluate effects of Sd, Swb, and S on pile tension capacity, a wider range of scour-hole 

dimensions was considered and the results are discussed next.   
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Figure 1.2 Vertical effective stress distribution calculated by different methods 

(Sd=1.5D, Swb=0, S=26.6°) 

1.5.1 Effect of scour depth  

The effect of scour depth on pile tension capacity was evaluated by setting Sd=0, 

1D, 1.5D, 2D, 3D, and 5D, and Swb=0, and S=26.6°.  Figure 1.3(a) depicts variation of 

tension capacity ratio with Sd when Swb=∞.  It shows that the tension capacity ratio 

decreased linearly with scour depth.  Moreover, the tension capacity ratio calculated by 

Eq. (1-1) (Fleming et al., 1992) was independent of soil friction angle whereas that 

determined by FEM decreased as soil friction angle increased. Figure 1.3(b) 

demonstrates that local scour had little effect on pile tension capacity at small scour 

depths (e.g., Sd≤2D) but the effect became remarkable at large scour depths (e.g., 

Sd≥4D).  Unlike the linear decrease in Figure 1.3(a) (general scour), the curves in Figure 

1.3(b) (local scour) appeared in a concave shape.  The concave curves also differed 

from the convex curves of lateral capacity ratio versus Sd (Lin and Wu, 2019).  Such a 

difference is attributed to that the pile tension capacity was dependent on the soil 

resistance at all depths but the pile lateral capacity was controlled by the soil resistance 

at shallow depths.   
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Figure 1.3 Tension capacities at different scour depths: (a) Swb=∞, S=26.6°; (b) 

Swb=0, S=26.6° 

Figure 1.3(b) also shows that the analytical solution (Lin, 2017) and API yielded 

lower tension capacity than FEM.  FE results agreed with those of FHWA-DS in dense 

sands but with those of FHWA-DP in loose sands.  Note that since Eqs. (1-1) and (1-2) 

are independent of soil friction angle, the pile tension capacity calculated using the 

existing methods and the analytical solution was also independent of soil friction angle.  

When scour depth increased from 0 to 5D, the loss of pile tension capacity calculated 

by the analytical solution, API, FHWA-DS, and FHWA-DP was 24%, 25%, 16%, and 

6%, respectively.  In FE analyses, the pile tension capacity loss was more severe in 

dense sands (approximately 14%) than loose sands (approximately 4%).  Overall, the 

loss of pile tension capacity (4%-25%) was much smaller than the loss of pile lateral 

capacity (approximately 77%) for the same amount of increase in scour depth (Lin and 
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Wu, 2019).  This result indicates that for a scour hole with Swb=0, piles suffered much 

less loss in tension capacity than in lateral capacity. 

1.5.2 Effect of scour width 

To understand the effect of scour width on pile tension capacity, a total of 11 bottom 

widths of scour hole were considered, i.e., Swb=0, 1D, 2D, 4D, 6D, 8D, 10D, 15D, 20D, 

and ∞, while Sd=1.5D and S=26.6°.  Note that the existing methods (FHWA-DP, 

FHWA-DS, and API) are only feasible for the scour holes having Swb=0.  However, they 

may be used mistakenly by the engineer for the cases of Swb>0.  Therefore, the results 

for Swb=0 were extrapolated to the cases of Swb>0, as shown in Figure 1.4.   

 

 

Figure 1.4 Tension capacities at different scour widths (Sd=1.5D, S=26.6°) 

The tension capacity ratio calculated by FEM was much smaller in dense sands 

than in loose sands.  The results from the analytical solution compared well with FE 

results in dense sands.  From FE analyses, the increase in Swb caused the loss of pile 

tension capacity to increase by approximately 7% in loose sands and 11% in dense 

sands when Sd=1.5D, S=26.6°.  However, if the existing methods were used, the 

increase in Swb caused no change in pile tension capacity, which is apparently 

unreasonable and unsafe.  Overall, the existing methods are unable to consider the effect 

of scour width.  The analytical solution can be used to estimate pile tension capacity 

under various scour width as it yielded agreeable results in dense sands and 

conservative results in loose sands as compared with FEM.   
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1.5.3 Effect of scour-hole slope angle 

The effect of scour-hole slope angle on pile tension capacity was investigated using 

seven S values (0°-38°) when ’=39°, and five S values (0°-26.6°) when ’=28°.  In 

both cases, the other two dimensions were fixed, i.e., Sd=1.5D and Swb=0.  The case of 

S=0° indicates the case of general scour.  The tension capacity ratio calculated by the 

existing methods was independent of S, showing a horizontal line in Figure 1.5.  FEM 

yielded a smaller tension capacity ratio in dense sands than in loose sands.  The 

calculated results based on the analytical solution were in good agreement with FE 

results in dense sands.  Overall, pile tension capacity increased nonlinearly with S.  As 

S increased from 0o to 38o, pile tension capacity was increased by 14%.  The majority 

of the capacity increase (i.e., 11%) occurred in the range of S=0o-12o.  Further 

increasing S (S =12o -38o) led to a negligent change in pile tension capacity (e.g., 2%-

5%).  It is worth noting that the range of S =12o -38o has been observed in the bridge 

foundations (Butch, 1996) and this range of S is more likely to occur in the field.  

Therefore, in practical applications, the effect of S on pile tension capacity may be 

ignored.  

 

 

Figure 1.5 Tension capacities at different scour-hole slope angles (Sd=1.5D, 

S=26.6°) 

1.6 Conclusions 

(1) FE results indicated that scour-induced loss of pile tension capacity was more 
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significant in dense sands than in loose sands.  However, the existing methods 

(FHWA-DS, FHWA-DP, and API) and the analytical solution (Lin, 2017) were 

unable to capture this effect. 

(2) The analytical solution (Lin, 2017) yielded a conservative result of vertical 

effective stress and pile tension capacity compared with FEM.  This is probably 

due to the soil-pile interactions that prevent the scour-induced reduction in vertical 

effective stress at piles. 

(3) For a scour hole with varying scour depths but Swb=0 and S=26.6°, FHWA-DS 

may be used to estimate pile tension capacity in dense sands but FHWA-DP is 

preferred in loose sands. 

(4) The analytical solution is recommended for use when considering the effect of 

various scour width on pile tension capacity.  It produced comparable results with 

FEM in dense sands and conservative results in loose sands. 

(5) The decrease of scour-hole slope angle causes the loss of pile tension capacity, 

which is more significant at the smaller slope angles (0°-12°) than at the larger 

slope angles (12°-38°).  As the slope angle is more likely in the range of 12°-38°, 

the effect of scour-hole slope angle on pile tension capacity may be ignored in 

practical applications. 

1.7 Notation 

API = American Petroleum Institute, Geotechnical and Foundation Design 

Considerations 

D = pile diameter 

eint = initial void ratio of soils 

Es = Elastic modulus of soils 

Ep = Elastic modulus of piles 

FHWA-DP = US Federal Highway Administration, Driven Pile Manual  

FHWA-DS = US Federal Highway Administration, Drilled Shaft Manual  

K = coefficient of lateral earth pressure at piles 

L = pile length 

Le = embedded length of piles 

Rs = ultimate tension capacity 
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Swt = top width of scour hole 

Swb= bottom width of scour hole  

Sd = scour depth due to local scour  

S= scour-hole slope angle 

z = depth below post-scour ground level  

Z = depth below pre-scour ground level, equal to Sd+z 

zi = influence depth below which the reduction of vertical effective stress due to local 

scour vanishes and the effective stress is computed from the pre-scour ground level 

 = friction angle of soil-pile interface  

' = friction angle of soil 

  = dilation angle of soil 

’ = effective unit weight of soils 

s = saturated unit weight of soils 

p = total unit weight of piles 

s = Poisson's ratio of soils 

p = Poisson's ratio of piles 

'v = vertical effective stress of soils at piles 

'va = vertical effective stress of soils at piles after scour 

'vb = vertical effective stress of soils at piles before scour 

'va/'vb = stress ratio, or normalized vertical effective stress 
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Chapter 2 Seismic Responses of Monopile-

Supported Offshore Wind Turbines in Sands 

under Scoured Conditions 

2.1 Abstract 

Offshore wind turbines (OWTs) supported by monopiles can be vulnerable to scour 

and liquefaction triggered by waves and earthquakes.  However, the combined effects 

of scour and earthquakes on the monopile-supported OWTs in sands are not fully 

appreciated.  This study proposes a practical method to evaluate the post-scour seismic 

responses of piles in sands and applies it to analyze the monopile-supported OWTs.  

This method introduces a new concept that relates scour-hole geometric conditions to 

soil liquefaction potential.  Using the proposed method, a parametric study was 

conducted to evaluate the effects of scour-hole dimensions, sand relative densities, and 

input ground motions on the lateral responses of OWTs.  The results showed that scour 

shifted the fundamental frequency of the OWT system into the rotor frequency range, 

causing resonance.  An increase in scour depth increased the dynamic responses of the 

monopile and tower, which was less significant in liquefied than in non-liquefied 

condition.   

2.2 Introduction 

The number of offshore wind turbines (OWTs) has been significantly increased 

with a global endeavor to tap into more sustainable wind energy (GWEC, 2021) to 

battle climate change.  Among the potential foundations under the OWTs, monopile is 

the most common type of foundation used in practice.  It is a steel tubular pile with an 

outside diameter of 3-7 m and an embedded length of 25-40 m.  A monopile-supported 

OWT system generally consists of monopile, transition piece, tower, and rotor-nacelle 

assembly (RNA), and it is typically used for water depths up to 35 m (Bhattacharya, 

2019; Doherty and Gavin, 2012).  The design of the OWT system can be dictated by its 

dynamic behavior since it is subjected to waves, winds, turbine rotation, and 

earthquakes.  Based on a soft-stiff design rule (DNV, 2014; GL, 2012), the fundamental 
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frequency of the OWT system is required to fall within a range between the rotor 

frequency, f1P, and the blade-passing frequency to avoid resonance.   

Affected by currents and waves, monopile-supported OWTs are also vulnerable to 

scour (Van den Brink, 2014; Whitehouse, 1998).  Scour around a monopile can be 

classified into two types: general scour (uniform erosion across the seabed) and local 

scour (development of a scour hole around the monopile).  The local scour hole is 

typically simplified as an inverted truncated cone in design practice, and thus it can be 

characterized by scour-hole depth, Sd (typically taken as 1.3Dop-2.5Dop, Dop=outside 

diameter of monopile), scour-hole bottom width, Swb (typically taken as 0), and side 

slope angle, S (typically taken as 30° in marine environment) (API, 2011; DNV, 2014; 

GL, 2012; Whitehouse, 1998).  Scour can decrease the pile capacity and change the 

natural frequency and dynamic responses of the integrated OWT system.  Note that 

scour may shift the fundamental frequency of the OWT system into the f1P resonance 

range and cause failures of structural and/or non-structural components (Jiang et al., 

2021).   

In a seismically active area, the damage to the monopile-supported OWT can 

increase under the combined effects of scour and earthquakes, in particular for fully 

liquefied soils that experience a drastic loss of soil strength by earthquakes, thus 

reducing the pile capacity (Esfeh and Kaynia, 2020; Jia et al., 2017; Miyamoto et al., 

2021; Yang et al., 2019a).  Moreover, the scour hole at a monopile caused by currents 

or waves can also be varied by the state of soil liquefaction.  For example, the scour 

hole may collapse and vanish in a liquefied condition during earthquakes, causing the 

local scour to turn into the general scour (Taboada-Urtuzuastegui et al., 2002; Van den 

Brink, 2014).  On the contrary, the scour hole at the monopile may remain to exist after 

an earthquake in non-liquefied soils.  The different interrelation between scour-hole 

shape and liquefaction potential in sands can cause different dynamic behavior of the 

OWT system under scoured conditions.  It has been reported that both scour and 

liquefaction can influence the participation of kinematic and inertial interactions in the 

pile-supported bridges, and this coupling effect is also dependent on the bedrock input 

motion (Khosravifar et al., 2014; Shang et al., 2016; Tokimatsu et al., 2005; Turner et 

al., 2017; Wang et al., 2015, 2020, 2019).  However, at present, only a dearth of research 

is focused on analyses of the responses of OWTs in sands (both liquefiable and non-

liquefiable) under the combined effects of scour and earthquakes.  In the limited studies 

reported in literature (Jia et al., 2017; Zhu et al., 2020), only 3D continuum FE analyses 
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or experimental model tests are adopted; however, no simple and practical approach is 

available, which can be used by practicing engineers in routine design analyses.    

This study aimed to propose a practical method for analyzing the lateral responses 

of the monopile-supported OWTs in sands under the combined effects of scour and 

earthquakes.  The proposed method was established based on the framework of the 

dynamic-beam-on-nonlinear-Winkler-foundation (DBNWF) method (Boulanger et al., 

1999) that has been widely used for analyses of the monopile-supported OWTs under 

no-scour conditions (Ali et al., 2020; De Risi et al., 2018; Haldar and Patra, 2021; Van 

de Putte, 2018).  The proposed method also defines the different scour-hole geometric 

conditions in non-liquefiable and liquefiable sands: i.e., local-scour hole for the former 

but general scour for the latter.  Using the proposed method, 102 nonlinear time-domain 

parametric analyses were performed for a selected monopile-supported OWT system 

considering varying scour-hole dimensions, soil relative densities, and input earthquake 

motions.  Through the parametric study, the combined effects of scour and earthquakes 

on the lateral responses of the monopile-supported OWTs in sands were assessed, and 

some design-related issues were also discussed.   

2.3 Proposed method 

This section proposes the procedures to develop a new method based on the 

DBNWF framework (Boulanger et al., 1999) to account for the combined effects of 

local scour and earthquakes in sands.  The DBNWF framework involves the analysis 

of soil-monopile interactions in sands using the soil springs that can capture the 

softening effect of the soil stiffness caused by the increase in the excess pore water 

pressure (Brandenberg et al., 2013) and the radiation damping that is simulated as 

dashpots in parallel with the soil springs.  To address the scour effect, the post-scour 

vertical effective stress was first determined, which was then incorporated into the 

DBNWF framework to determine the post-scour springs and dashpots in both vertical 

and lateral directions.  The post-scour vertical effective stress at piles was estimated by 

defining different scour-hole geometric conditions for liquefied and non-liquefied sands: 

i.e., a local-scour hole in a non-liquefiable condition while the local scour turned into 

the general scour in a liquefiable condition.  The initiation of soil liquefaction was 

determined based on the excess pore water pressure ratio, ru, developed in the free-field 

soil, which is the ratio of the excess pore water pressure, u, to the initial mean effective 
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stress of soil, 𝜎mo
′ .  If ru was close to unity (e.g., ≥0.8) (Haldar and Patra, 2021) in the 

shallow depths of soil deposit (depth ≤2.5Dop), the soil would be deemed liquefied and 

vice versa.   

2.3.1 Post-scour vertical effective stress  

In design practice, the vertical effective stress of soil around a monopile needs to 

be determined before the evaluation of vertical and lateral pile capacities (API, 2011; 

DNV, 2014; GL, 2012).  Therefore, an appropriate calculation of the post-scour vertical 

effective stress in the remaining soil around monopile, 𝜎v,sc
′ , is critical to estimate the 

response of the monopile-supported OWT under scoured conditions.  As discussed 

previously, the calculation of 𝜎v,sc
′  varies between liquefied and non-liquefied soils that 

are associated with differently defined scour-hole geometric conditions.   

2.3.1.1 Non-liquefied case  

In non-liquefied sands, a scour hole is present around the pile, which is usually 

simplified as an inverted truncated cone with its dimensions defined by the scour-hole 

depth, Sd, bottom width, Swb, and side slope angle, S, as illustrated in Figure 2.1.  Based 

on the Boussinesq point load solution, the post-scour vertical effective soil stress, 𝜎v,sc
′ , 

at a monopile for different scour-hole dimensions (Jiang et al., 2021; Lin and Wu, 2019) 

can be expressed as 

 

𝜎v,sc
′ = 𝛾′𝑧 {1 + tan 𝑆𝜃 [

𝑆wb+𝑆d cot 𝑆𝜃+0.5𝐷op

√(𝑆wb+𝑆d cot𝑆𝜃+0.5𝐷op)
2
+𝑧2

−
𝑆wb+0.5𝐷op

√(𝑆wb+0.5𝐷op)
2
+𝑧2
]}(2-1) 

 

where ’ is the submerged unit weight of soil, and z is the depth below the scour-

hole bottom.   

 

Figure 2.1 Scour hole around a monopile foundation 
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2.3.1.2 Liquefied case  

When soil liquefaction is triggered, the scour hole is deemed unstable, causing the 

local scour to become the general scour.  As such, in liquefied soils, local scour is simply 

simulated as general scour, defined only by scour depth (i.e., Swb=∞ or S =0°).  

Accordingly, the post-scour vertical effective soil stress in this case is simply calculated 

as 

 

𝜎v,sc
′ = 𝛾′𝑧        (2-2) 

 

2.3.2 Post-scour springs and dashpots in vertical direction 

The post-scour vertical springs are developed by modifying liquefiable t-z and q-z 

curves to account for scour effects through incorporating the 𝜎v,sc
′   determined in 

Section 2.3.1 into the vertical ultimate soil resistance of the t-z and q-z curves.  Similarly, 

the post-scour vertical dashpots are also developed by including the 𝜎v,sc
′ .  The post-

scour vertical springs and dashpots are then attached to the structural element 

simulating the monopile, which constitutes the vertical component of the proposed 

numerical model under the DBNWF framework.  

The vertical soil-monopile interaction in sands (i.e., a near-field problem) is 

evaluated using the liquefiable soil springs (in parallel with a dashpot) defined by 

liquefiable t-z and q-z curves, which can be used for both liquefied and non-liquefied 

sands.  As such, there is no separate discussion on the liquefied and non-liquefied cases 

as with Section 2.3.1.  As discussed above, the liquefaction state is dependent on the 

excess pore water pressure developed in the free-field soil (i.e., a far-field problem).  

The decay of the soil resistance by the increase in excess pore water pressure, i.e., this 

softening effect, is incorporated into the liquefiable soil springs for both liquefied and 

non-liquefied conditions (Brandenberg et al., 2013).  For non-liquefied soil, the 

resistance would be partially reduced by shaking but does not reach the residual strength, 

while for fully liquefied soil, the resistance would be decreased to the residual strength.  

The mathematical description of this along with scour effect is discussed as follows. 

The calculated 𝜎v,sc
′   in Section 2.3.1 is used to determine the ultimate soil 

resistances on the pile shaft and at the pile tip (𝛽𝜎v,sc
′  and 𝑁𝑞𝜎v,sc

′ , respectively) for the 

liquefiable soil springs where  and Nq are the friction factor and end bearing factor 

suggested by API (2011), respectively.  The calculated post-scour ultimate soil 
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resistance along the shaft is incorporated into the liquefiable t-z springs to generate 

post-scour springs along the shaft.  The liquefiable t-z springs are formulated in a 

similar manner to the sand t-z curves of Mosher (1984) but with a lower ultimate soil 

resistance to account for the softening effect.  A first-order approximation is considered 

to capture the softening effect (Boulanger et al., 2003; Brandenberg et al., 2013), as 

expressed in Eq. (2-3).   

 

𝑡u,sl = 𝑡u,res + (𝛽𝜎v,sc
′ − 𝑡u,res)𝜎m

′ 𝜎mo
′⁄       (2-3) 

 

where 𝑡u,sl  is the ultimate soil resistance of the modified t-z curve that 

accommodates for both scour and liquefaction effects; 𝑡u,res  is the residual soil 

resistance in a fully liquefied condition (i.e., when the excess pore water pressure ratio, 

ru, equals unity or 𝜎m
′  reduces to zero), 𝑡u,res = 𝑓m𝛽𝜎v,sc

′ ; 𝑓m is a multiplier (less than 

1.0) that can be evaluated based on the relative density of soil, Dr (Boulanger et al., 

2003); 𝜎m
′  and 𝜎mo

′  are the mean effective stress in the free-field soil at the current and 

initial time instants, respectively; and they can be calculated using a free-field soil 

column with a pressure-dependent multi-yield (PDMY) material (Yang, 2000) based on 

effective stress analysis, as will be discussed in Section 2.5.1.  When soil is fully 

liquefied, 𝜎m
′ = 0  and thus 𝑡u,sl = 𝑡u,res  in Eq. (2-3).  Since the excess pore water 

pressure is typically negligible in the end bearing stratum (Brandenberg et al., 2013), 

the post-scour ultimate soil resistance at the pile tip is directly incorporated into the q-

z curve (Vijayvergiya, 1977) without considering the softening effect to generate the 

post-scour springs at the pile tip.  In general, the post-scour springs along the pile shaft 

and tip comprise the post-scour springs in the vertical direction. 

Besides, the post-scour dashpots in the vertical direction are developed by 

substituting the damping coefficient, 𝑐v,sc  in Eqs. (2-4) and (2-5) that can consider 

scour-hole dimensions into the conventional vertical dashpots (Berger et al., 1977).   

 

𝑐v,sc = 2𝜋𝐷op𝜌sat𝑉s,sc∆𝑧        (2-4) 
 

𝐺max,sc = 1000𝐾2,max√𝜎v,sc′ (1 + 2𝑘o)/3    (2-5) 

 

where ∆𝑧  is the discretized element size of monopile; 𝜌sat  is the saturated mass 

density of soil; 𝑉s,sc is the post-scour shear wave velocity of soil, 𝑉s,sc = √𝐺max,sc 𝜌sat⁄ ; 

𝐺max,sc  is the small-strain shear modulus of soil after scour; 𝑘o = (1 −
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sin𝜑′ ) OCRsin𝜑
′  is the coefficient of lateral earth pressure; 𝜑′ is the effective friction 

angle of soil; OCR is the overconsolidation ratio of soil; 𝐾2,max is a dimensionless factor 

dependent on Dr (Seed et al., 1986).  Note that the units of 𝐺max,sc and 𝜎v,sc
′  are lb/ft2 in 

Eq. (5), and the shear wave velocity is often taken as 10% of the pre-earthquake value 

in a liquefied condition (Khosravifar et al., 2014).   

2.3.3 Post-scour springs and dashpots in lateral direction 

The development of the post-scour springs and dashpots in the lateral direction is 

similar to that in the vertical direction as described in the preceding section.  Firstly, the 

ultimate lateral soil resistance under scoured conditions may be written in Eq. (2-6), 

where C1, C2, and C3 are three constants dependent on Dr (API, 2011).   
 

𝑝u,sc = min[(𝐶1𝜎v,sc
′ 𝛾′⁄ + 𝐶2𝐷op)𝜎v,sc

′ , 𝐶3𝐷op𝜎v,sc
′ ]   (2-6) 

 

Subsequently, the 𝑝u,sc is further modified to account for the liquefaction-induced 

softening effect, as given in Eq. (2-7).   

 

𝑝u,sl = 𝑝u,res + (𝑝u,sc − 𝑝u,res)𝜎m
′ 𝜎mo

′⁄      (2-7) 
 

where 𝑝u,res = 𝑓m𝑝u,sc  is the residual lateral soil resistance in a fully liquefied 

condition.  The computed 𝑝u,sl is then substituted into the p-y curves for sand (API, 

2011) to form the post-scour liquefiable p-y curves (or springs).  The initial modulus of 

subgrade reaction used in the API p-y curves is dependent on Dr or 𝜑′  (API, 2000; 

Isenhower et al., 2020), and a modification multiplier of √50 kPa/𝜎v,sc′  is applied to the 

initial modulus to account for the overburden effective stress (Boulanger et al., 1999; 

Brandenberg et al., 2013; Khosravifar et al., 2014).  Furthermore, the post-scour lateral 

dashpots are developed by substituting the lateral damping coefficient expressed in Eq. 

(2-8) into the lateral dashpot proposed by Gazetas and Dobry (1984).   
 

𝑐h,sc = 4𝐷op𝜌sat𝑉s,sc∆𝑧      (2-8) 
 

Likewise, the shear wave velocity of soil is taken as 10% of the pre-earthquake 

value to consider the liquefaction-induced softening effect (Khosravifar et al., 2014).   

The above-mentioned procedures for the post-scour lateral springs and dashpots 

are then attached to the monopile, which constitute the lateral component of the 
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proposed numerical model under the DBNWF framework.  Overall, Sections 2.3.2 and 

2.3.3 allow for development of post-scour liquefiable springs and post-scour dashpots 

in both vertical and lateral directions.  These springs and dashpots are further 

incorporated into the structural models (displacement-based beam) that simulate a pile 

under axial and lateral dynamic loading.  The above procedures constitute the proposed 

method for analyzing both axial and lateral dynamic responses of piles in sands under 

the combined effects of scour and earthquakes. 

2.4 Implementation and validation 

The procedures described in Section 2.3 were used to analyze the responses of the 

monopile-supported OWT in sands under the combined effects of scour and 

earthquakes, with consideration of both liquefied and non-liquefied conditions.  The 

analysis was performed using the finite-element (FE) numerical solution in an open-

source platform OpenSees (McKenna, 2011).  Figure 2.2 illustrates the implementation 

of the proposed approach; the developed computer codes are provided as supplementary 

materials.  Given the input parameters, the proposed soil springs and dashpots, free-

field soil column, and structural components are established.  Meanwhile, water-

monopile interaction can be considered using the hydrodynamic added mass (Goyal 

and Chopra, 1989a, 1989b).  The hydrodynamic added mass is calculated from a pre-

processing MATLAB program and then added to the submerged portion of the 

monopile, and greater details are discussed in Section 2.5.1.  During the nonlinear 

dynamic analysis, the mean effective stress of the free-field soil is simultaneously 

applied to the ends of the spring-dashpot elements to capture the softening effect of 

liquefaction.  The outcomes of the time-domain analysis are processed in a post-

processing MATLAB program, from which the envelopes of the free-field and 

structural responses (e.g., the lateral acceleration of free-field soils, the lateral 

acceleration, deflection, rotation, and bending moment of the OWT structure) are 

extracted and normalized for discussion.   

The DBNWF method for the evaluation of dynamic responses of pile-supported 

structures has been extensively validated against centrifuge experiments (Boulanger et 

al., 2003; Ilankatharan, 2008) and 3D continuum FE analysis (Kampitsis et al., 2013).  

The liquefiable soil springs and free-field soil material were also validated against 

centrifuge experiments (Brandenberg et al., 2013; X. Wang et al., 2017; Yang, 2000).  
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This demonstrates the rationale of the proposed method for dynamic loading under no-

scour conditions.  The capability of the proposed method for simulating scour effects 

(i.e., scour-hole dimensions) has been confirmed with the results of 3D continuum 

numerical modeling for static loading by the authors (Lin et al., 2014a; Lin and Jiang, 

2019; Lin and Lin, 2019).  Therefore, these indirectly confirm the validity of the 

proposed method for analyzing the monopile-supported OWTs under the combined 

effects of scour and earthquakes.   

 

Figure 2.2 Implementation of the proposed procedure 

To confirm the above statement and correctness of the developed computer scripts, 

a centrifuge model test (Wilson et al., 1997) for a seismically loaded pile-superstructure 

system in liquefiable sands under a no-scour condition was simulated here.  The pipe 

pile (outside diameter=0.67 m, wall thickness=72 mm) was modeled as an elastic beam 

with a bending stiffness of 417 MN·m since it was not yielded during the test, and the 

superstructure was modeled as a mass block (49.14 ton).  The soil deposit consisted of 

two layers: an upper layer of loose Nevada sand (Dr=35%) and a lower layer of dense 

Nevada sand (Dr=75%-80%).  Table 2.1 shows the soil parameters used for the 

numerical analysis.  The soil parameters were taken as the suggested values according 

to the PDMY material manual in OpenSees (McKenna, 2011; Yang, 2000).  Since the 
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base of the model box in the centrifuge test was sufficiently rigid, a rigid bedrock (3.7 

m below the pile bottom) condition was adopted in the numerical model.  

Correspondingly, the recorded acceleration (i.e., motion J in the centrifuge test with a 

peak bedrock acceleration, PBA, of 0.45g) in the soil near the base of the model box 

(i.e., within motion) was applied to the bottom of the free-field soil column following 

the uniform excitation method (Chopra, 2011; X. Wang et al., 2017).  Greater details of 

the numerical model are discussed in Section 2.5.1.   

Table 2.1 Soil parameters 

Soil layer Dr (%) Thickness (m) sat (ton/m3) 𝜑′ (°) fm cdrag 

Loose Nevada sand 35 9.1 1.9 32 0.18 0.1 

Dense Nevada sand 75 11.4 2.0 38 0.30 0.1 

Note: fm is the p-multiplier that considers softening effect of liquefaction (Boulanger et al., 2003); cdrag 
is the drag coefficient that accounts for gapping effect (Brandenberg et al., 2013).  The other soil 
parameters of the pressure-dependent multi-yield (PDMY) material used for the free-field soil column 
were taken as the suggested values in OpenSees based on Dr, detailed description and values are given 
in McKenna (2011) and Yang (2000) and are not repeated here for brevity.   
 

 

Figure 2.3 Measured and computed time histories: (a) lateral acceleration, (b) 

bending moment, and (c) excess pore water pressure ratio 

Figure 2.3 shows the measured and computed time histories of responses in pile 
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and soil, including the (a) lateral acceleration and (b) bending moment of the single pile, 

and the (c) excess pore water pressure ratio (ru) in the center of the loose sand layer.  

Overall, the predicted responses agreed reasonably with the measured values.  In the 

following sections, the proposed method is used for the parametric analyses to 

investigate the combined effects of scour and earthquakes, in which the soil parameters 

in Table 2.1 were used while the structure was replaced by a selected monopile-

supported OWT.   

 

 

Figure 2.4 The monopile-supported OWT under the combined effects of scour 

and earthquake: (a) physical model and (b) numerical model 

2.5 Parametric analyses 

2.5.1 Numerical model 

Figure 2.4 illustrates the numerical model for the monopile-supported OWT in 

sands under the local scour condition following the proposed method.  In the numerical 
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model, the analysis started with the upward propagation of shear waves in a free-field 

soil column by inputting earthquake motions at its base, from which the free-field 

motions at different depths of the soil column were determined.  The calculated free-

field motions (expressed as the time history of the mean effective stress, 𝜎m
′  ) were 

simultaneously applied to the ends of the post-scour springs and dashpots, which would 

result in the vibration of the monopile and superstructure.  This integrated model allows 

for incorporation of kinematic and inertial interactions in evaluation of the dynamic 

responses of OWT structures.   

A 3-MW wind turbine was selected as the case study, and the parameters of 

structural components were extracted from Jiang et al. (2021) and are summarized in 

Table 2.2.  The rotor-nacelle assembly (RNA) in a parked state was modeled as the 

translational and rotational masses atop the tower (De Risi et al., 2018).  The tubular 

tower and monopile were modeled as nonlinear displacement-based beam elements, 

with two translational degrees of freedom (DOFs) and one rotational DOF assigned to 

each beam-element node.  The tapered tower was discretized into small elements with 

different-sized cross-sections.  Moreover, the hydrodynamic added mass was used to 

consider the effect of hydrodynamic loading for a horizontally vibrating monopile in 

water (Goyal and Chopra, 1989a, 1989b).  Therefore, the total lateral dynamic mass of 

the submerged monopile included the hydrodynamic added mass and buoyant material 

mass.  Since monopile is an open-ended steel pipe, the hydrodynamic added mass inside 

and outside the monopile (ma
i  and ma

o) can be expressed as  
 

𝑚a
i (ℎs) = 𝜌w𝜋𝑟ip

2 [
16ℎi

𝜋2𝑟ip
∑

(−1)𝑚−1

(2𝑚−1)2
∞
𝑚=1

𝐼1(𝛼𝑚𝑟ip ℎi⁄ )

𝐼0(𝛼𝑚𝑟ip ℎi⁄ )+𝐼2(𝛼𝑚𝑟ip ℎi⁄ )
cos(𝛼𝑚ℎs ℎi⁄ )]     (3-9) 

 

𝑚a
o(ℎs) = 𝜌w𝜋𝑟𝐷op

2 [
8ℎo

𝜋2𝐷op
∑

(−1)𝑚−1

(2𝑚−1)2

𝐾1(𝛼𝑚𝐷op 2ℎo⁄ )

𝐾0(𝛼𝑚𝐷op 2ℎo⁄ )+𝐾2(𝛼𝑚𝐷op 2ℎo⁄ )
∞
𝑚=1 cos(𝛼𝑚ℎs ℎo⁄ )]

                  (3-10) 
 

where 𝜌w is the mass density of water, 𝛼m = (𝑚 − 0.5)𝜋 is a dimensionless factor, 

and m is an integer ranging from unity to infinity; hs is the distance from the post-scour 

seabed to the pile node i; hi and ho are water depths inside and outside monopile, 

respectively; In is the modified Bessel function of order n (n=0, 1, 2) of the first kind, 

while Kn is the modified Bessel function of order n (n=0, 1, 2) of the second kind; rip is 

the inside radius of monopile.  The added mass at node i was obtained by multiplying 

𝑚a
i (ℎs) and 𝑚a

o(ℎs) by the tributary length.  Note that the hydrodynamic added mass 
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was derived assuming a leveled seabed.  Since the water volume in the scour hole is 

relatively small, its inertial effect on the monopile is negligible (Jiang et al., 2021).  

Correspondingly, in a non-liquefied scenario in which a local-scour hole was 

considered, no 𝑚a
o was added to the monopile within the range of local scour depth.   

Table 2.2 Parameters of structural components 

Monopile (nonlinearity) Pile length (m) 58 

Pre-scour embedded length (m) 35 

Outside diameter (m) 3.5 

Wall thickness (m) 0.075 

Poisson’s ratio 0.3 

Elastic modulus (GPa) 210 

Yield strength (Gpa) 0.408 

Mass density (ton/m3) 8.5 

Tower (nonlinearity) Height (m) 56 

Outside diameter (m) 2.8-3.5 

Wall thickness (m) 0.02-0.075 

Poisson’s ratio 0.3 

Elastic modulus (Gpa) 210 

Yield strength (Gpa) 0.408 

Mass density (ton/m3) 8.5 

Rotor-nacelle assembly Height above mean sea level (m) 60 

Rotor diameter (m) 90 

Rotor mass (ton) 41 

Nacelle mass (ton) 70 

Three-blade mass (ton) 19 
 

At the soil-pile interface, the zero-length interface elements that contained the post-

scour springs and dashpots were set up to connect the pile nodes and the free-field soil 

nodes.  Besides, a free-field soil column in plane-strain condition was created using 

four-node quadratic elements (Boulanger et al., 2003).  A fully undrained condition was 

assumed for the soils around the monopile in water under seismic loading.  The free-

field motions were calculated based on effective stress analysis, and the time history of 

the mean effective stress, 𝜎m
′ , in the free-field soil was applied to the ends of the post-

scour springs and dashpots.  The soils were simulated with the fluid-solid porous 

material and the PDMY material (Boulanger et al., 2003; Yang, 2000) in OpenSees.  

The out-of-plane thickness of the soil column was set as 500 m to sufficiently preclude 

the influence of monopile on the free-field response (Boulanger et al., 2003; 

Khosravifar et al., 2014).  Moreover, a dashpot (Lysmer and Kuhlemeyer, 1969) was 

placed at the base of the free-field soil column to account for the finite rigidity of the 

underlying bedrock (or firm ground).  Accordingly, the seismic loading was applied as 
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a force time history (Joyner and Chen, 1975), which is the product of the velocity time 

history recorded on a rock outcrop or firm ground (i.e., outcropping motions) and the 

Lysmer-Kuhlemeyer dashpot coefficient.  The dashpot coefficient is evaluated as 

𝐴b𝜌b𝑉b, where 𝐴b is the cross-section area at the base of the free-field column, 𝜌b and 

𝑉b are the mass density (taken as 2.2 ton/m3) (Uthayakumar and Naesgaard, 2004) and 

shear wave velocity (taken as 760 m/s) (NRCC, 2015) of the bedrock (or firm ground), 

respectively.  Note that if the input ground motions were recorded on the embedded 

bedrock or firm soils (i.e., within motions), a rigid bedrock condition would be adopted 

by removing the dashpot from the base of the free-field soil column.  Correspondingly, 

the recorded acceleration time history would be applied to the free-field base following 

the uniform excitation method.  Furthermore, the energy dissipation in the integrated 

system including the soil, monopile, tower, and RNA was simulated using Rayleigh 

damping, and a total damping ratio of 3% (Bhattacharya, 2019) was assigned to the 

integrated system for its first and second modes of natural frequencies (Mo et al., 2017).  

To reduce numerical oscillations that can potentially develop in viscous dashpot forces 

under transient loading, the equation of motions was integrated using the Hilbert-

Hughes-Taylor (HHT) algorithm with a coefficient of 0.7 (Boulanger et al., 2003; 

Brandenberg et al., 2013).   

2.5.2 Earthquake motions 

Table 2.3 summarizes the input bedrock motions applied to the base of the free-

field soil column at a depth of 3.7 m below the pile tip as with the centrifuge test (Wilson 

et al., 1997).  These records were scaled and selected as the bedrock outcropping 

motions (Baker et al., 2011; FEMA, 2009).  The use of amplitude scaling rather than 

spectral matching was to reveal the inherent variabilities of the ground motions.  These 

records were associated with different mean square frequencies (Rathje et al., 1998) 

ranged from 2.85 Hz to 7.54 Hz and significant duration (and thus different equivalent 

cyclic numbers) ranged from 11.66 s to 25.20 s (Hashash et al., 2017; Kramer, 1996).  

Therefore, it is anticipated that the seismic responses corresponding to these six motions 

would exhibit certain variations besides some general trends, in particular for liquefied 

soils that involved marked nonlinearity.   
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Table 2.3 Information about bedrock input motions 

Earthquake 

event 

Moment 

magnitude 

Mechanism Record 

sequence 

number 

Component Significant 

duration 

(s) 

Mean 

frequency 

(Hz) 

San 

Fernando, 

1971 

6.61 Reverse 72 111 12.78 7.54 

Landers, 

1992 

7.28 Strike slip 832 090 25.20 3.85 

Northridge, 

1994 

6.69 Reverse 1042 270 16.02 3.50 

Duzce, 

Turkey, 

1999 

7.14 Strike slip 1618 531E 14.88 3.06 

Kocaeli, 

Italy, 1999 

7.51 Strike slip 1165 090 13.26 2.85 

Hector 

Mine, 1999 

7.13 Strike slip 1787 000 11.66 3.15 

2.5.3 Parametric analysis arrangement 

Table 2.4 shows the details of the parametric analyses, three cases (A, B, and C) 

were considered to account for different scour-hole dimensions and liquefaction states.  

As discussed in Section 2.3, the initiation of liquefaction herein was determined by 

checking the calculated profile of ru under a pre-scour condition, i.e., if ru was close to 

unity (e.g., ≥0.8) (Haldar and Patra, 2021) in the upper range of soil (depth≤2.5Dop), 

the case would be treated as a liquefied case, otherwise, it would be considered as a 

non-liquefied case. 

Case A involved no liquefication, in which the local scour characterized with a 

typical scour-hole shape (i.e., varying Sd, Swb=0, and S=30°) was considered.  In 

contrast, Cases B and C involved liquefication, in which the local scour turned into the 

general scour (i.e., varying Sd while S=0°).  Thereinto, Case C considered layered soils 

(i.e., a loose sand layer overlying dense sands).  The thickness of the loose sand layer 

(9.1 m or 2.6Dop) was kept the same as that in prototype in the centrifuge test (Wilson 

et al., 1997).  Since the seismic responses of the monopile-supported OWT under local 

scour conditions are primarily dependent on the scour-hole depth (Jiang et al., 2021), 

only scour depth was varied to evaluate the scour effects.  In each of the three cases, 

six scour depths were investigated while maintaining constant Swb and S in Table 2.4.  

In design practice, scour depth is typically taken as 1.3Dop-2.5Dop (API, 2011; DNV, 

2014; GL, 2012).  Therefore, the investigated range of scour depth was taken to be from 
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0.5Dop to 2.5Dop, and the corresponding embedded length of the monopile was 7.5Dop-

9.5Dop.   

Table 2.4 Summary of parametric analyses 

Case Soil deposit Local scour dimensions Embedded 

length of 

monopile 

(×Dop) 

Input motion 

Sd 

(×Dop) 

Swb 

(×Dop) 

S 

(°) 

Earthquake 

event 

Scaled 

PBA 

(g) 

A Dense Nevada 

sand (Dr=75%) 

0, 0.5, 

1.0, 1.5, 

2.0, 2.5 

0 30 10.0, 9.5, 

9.0, 8.5, 

8.0, 7.5 

San Fernando, 

Landers; 

Northridge; 

Duzce, 

Turkey; 

Kocaeli, Italy; 

Hectore Mine 

0.1 

B Dense Nevada 

sand (Dr=75%) 

0, 0.5, 

1.0, 1.5, 

2.0, 2.5 

∞ 0 10.0, 9.5, 

9.0, 8.5, 

8.0, 7.5 

Landers; 

Northridge; 

Duzce, 

Turkey; 

Kocaeli, Italy; 

Hectore Mine 

0.5 

C Loose Nevada 

sand (Dr=35%) 

in the upper 9.1 

m; dense 

Nevada sand 

(Dr=75%) in 

the lower layer 

0, 0.5, 

1.0, 1.5, 

2.0, 2.5 

∞ 0 10.0, 9.5, 

9.0, 8.5, 

8.0, 7.5 

San Fernando, 

Landers; 

Northridge; 

Duzce, 

Turkey; 

Kocaeli, Italy; 

Hectore Mine 

0.5 

 

The scaled PBA values of 0.1g and 0.5g were used, as also adopted by other studies 

(Haldar and Patra, 2021; Jiang et al., 2021; D. H. Kim et al., 2014).  A smaller PBA 

value of 0.1g in Case A was to achieve a non-liquefied condition, while a greater PBA 

value of 0.5g was used in Cases B and C to trigger liquefaction.  Note that the ground 

motion of the San Fernando earthquake was not included in Case B since the soil was 

found to be non-liquefied in a pre-run analysis, which was due to the short significant 

duration of this motion (as shown in Table 2.3).  In total, 102 cases of analyses were 

performed.   

2.6 Results and discussion 

2.6.1 Effects of scour depth on natural frequencies of OWT 

Before presenting the results of dynamic responses, the effect of scour depth on the 
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natural frequency of the integrated monopile-supported OWT system is discussed here.  

Figure 2.5(a) shows the fundamental frequency, f1, associated with the first fore-aft 

bending mode varied by scour depth for the three cases listed in Table 2.4.  As with Zhu 

et al. (2020), the increase in Sd from 0 to 2.5Dop decreased f1 by up to 13%-19% due to 

a slenderer system.  Note that the eigenvalue analysis is linear and only the initial 

stiffness of the soil spring is used; therefore, the computed natural frequency is 

momentary and does not reflect the state during seismic shaking or liquefaction 

(Bhattacharya, 2019; Mo et al., 2017).  In Cases A and B, post-scour f1 fell into the 

f1P±10% range (f1P=0.14-0.3 Hz for the 3 MW turbine investigated here) (Bhattacharya 

et al., 2021) when Sd was greater than 0.8Dop and 0.9Dop, respectively, causing 

resonance with the turbine rotation.  The post-scour f1 could cause resonance with the 

turbine rotation in Case C for all the scour depths examined.  For the monopile-

supported OWT in the same soil condition, f1 appeared to be slightly larger in the local-

scour hole condition (Case A) than in the general scour condition (Case B).  Under the 

same scour condition, dense sand (Case B) was associated with a larger f1 (up to 5% 

larger) than loose sand (Case C), but the difference vanished when Sd≥2.0Dop, which 

was due to the decreased thickness of the loose sand layer.  At the prescribed maximum 

scour depth of 2.5Dop, the entire loose sand layer (2.6Dop) in Case C was almost 

removed by the scour.  In general, driving the monopile into denser sands is beneficial 

to avoid resonance dictated by the soft-stiff design rule.   

 

 

Figure 2.5 Effects of scour depth on the (a) fundamental frequency and (b) 

normalized natural frequency of the integrated monopile-supported OWT 

system  
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Figure 2.5(b) shows the natural frequency, fn, normalized to the site characteristic 

frequency (1.2-1.5Hz when Sd increased from 0 to 2.5Dop in the three cases) (Kramer, 

1996).  The site characteristics frequency increased by 21% as Sd increased from 0 to 

2.5Dop, which is consistent with Shang et al. (2016).  The fn is the nth natural frequency 

corresponding to the nth natural mode of vibration.  The frequency ratio for the first two 

modes (i.e., f2/f1) was 5.4-5.0 in Cases A and B but 5.2-5.0 in Case C when Sd increased 

from 0 to 2.5Dop, consistent with a typical range of 4.0-6.0.  This indicates that the first 

two natural modes of vibration are widely spaced.  Although f1 dominates the dynamic 

response of the OWT system, the higher mode contribution should also be considered 

in evaluation of the total dynamic responses of a monopile-supported OWT system 

(Jiang et al., 2021).  As shown in Figure 2.5(b), the normalized f2 approached unity as 

Sd increased, while f1 shifted away from the site characteristic frequency.  Moreover, 

the mean square frequencies of the bedrock input motions (listed in Table 2.3) were 

generally close to f3 when Sd=1.5Dop-2.5Dop.  Therefore, the above comparison 

indicates that a peak amplification of dynamic response might occur at Sd=1.5Dop-

2.5Dop due to the resonance effect between the soil-structure system and the bedrock 

motions.   

2.6.2 Effects of scour depth on dynamic responses of OWT  

The following discussion focuses on the effects of scour depth on the maximum 

dynamic responses under each earthquake motion including the lateral acceleration, 

lateral displacement, rotation, and bending moment of the monopile-supported OWT.  

The maximum response is presented in a normalized way by comparing it to the pre-

scour response using the three steps:  

(1) Determine the peak of time-histories of responses at different locations on the 

monopile and tower (e.g., Figure 2.6), which allows profiling the peak response 

envelope along the monopile and tower (e.g., Figure 2.7).   

(2) From the peak response envelopes along the monopile and tower, determine the 

maximum value at two locations and two portions: tower top, tower portion, 

monopile at the post-scour seabed, and embedded portion of monopile.   

(3) Calculate the normalized responses by dividing the maximum responses at the four 

selected locations after scour by those before scour.  Therefore, the normalized 
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values greater than one indicate scour-induced amplification of the dynamic 

response and vice versa.   

To elaborate on the above procedure, the results of Case A under the input motion 

of 1992 Landers earthquake are presented here.  Figure 2.6 shows the calculated time 

histories of the lateral displacements at the tower top and pile top before and after scour 

(Sd=1.5Dop, Swb=0, and S=30°), from which the peak values were identified.   
 

 

Figure 2.6 Pre-scour and post-scour (Sd=1.5Dop, Swb=0, S=30°) lateral 

displacements at (a) tower top and (b) pile top (Case A) 

Likewise, the time histories of displacement were also determined for other 

locations of the monopile-supported OWT system, from which the peak values were 

also identified.  The plots of the identified peak displacement and other responses (e.g., 

acceleration, rotation, and bending moment) along the lengths of tower and monopile 

form the peak response envelopes as shown in Figure 2.7.  Figure 2.7(a) shows the 

largest peak lateral acceleration occurred in the tower, which was 5% greater after scour 

than before scour.  As with Jia et al. (2017), the peak lateral acceleration increased from 

the pile tip to location slightly above the pile top, and then decreased to locations near 

the tower top, which was attributed to the effect of structural damping from the heavy 
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RNA.   

 

Figure 2.7 Pre-scour and post-scour response envelopes: (a) lateral acceleration, 

(b) lateral displacement, (c) rotation, and (d) bending moment under motion 

Landers for Case A (non-liquefied, dense sand, local scour: Sd=1.5Dop, Swb=0, 

S=30°) 

Figures 2.7(b) and 2.7(c) show that the peak response envelopes of the lateral 

displacement and rotation appeared to be larger at a higher structural element (e.g., from 

the pile tip to the tower top) regardless of the occurrence of scouring due to a cantilever 

system.  Therefore, the largest peak displacement and rotation were found at the tower 

top.  The peak lateral displacement and rotation at the tower top were amplified by 30% 

and 27%, respectively due to scour.  Figure 2.7(d) indicates that the largest peak 
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bending moment was located in the embedded portion of monopile, which increased by 

35% as compared to the pre-scour one.  In comparison, the rotation response was most 

sensitive to scour than the other dynamic responses examined.  This implies that the 

rotation of pile or tower may be a good indicator to monitor scour extent.   

Since the largest values for different peak response envelopes occurred at different 

locations of the OWT system, two locations and two portions were selected herein, 

from which the maximum peak dynamic responses were determined: tower top (lateral 

acceleration, lateral displacement, and rotation), monopile at the post-scour seabed 

level (lateral displacement and rotation), tower portion (lateral acceleration and bending 

moment), embedded portion of monopile (bending moment).  It is apparent that the 

maximum peak dynamic responses at the two locations (tower top and monopile at the 

post-scour seabed) are also peak dynamic responses.  In the following sections, the 

maximum peak dynamic responses are simply termed as the maximum responses for 

brevity.  The scour effect on the dynamic responses was then presented in a normalized 

form.  The results of Case A (non-liquefied scenario) are presented in Section 2.6.2.1, 

while the results of Cases B and C (liquefied scenarios) are presented in Section 2.6.2.2.   

2.6.2.1. Non-liquefied case (Case A) 

Figure 2.8 shows the normalized maximum lateral acceleration at the tower top and 

that of the tower portion with varying Sd while keeping Swb=0 and S=30°.  In Figure 

2.8(a), the normalized maximum acceleration at the tower top on average increased 

from 1.0 to 1.13 as Sd increased from 0 to 2.0Dop, indicating that the maximum 

acceleration at the tower top increased by 13%, while this increase tended to be 

weakened when Sd was greater than 2.0Dop.  The peak increase occurring at Sd=2.0Dop 

could primarily result from the resonance effect between the soil-structure system and 

the input bedrock motions, as discussed in Figure 2.5(b) (Shang et al., 2016).  However, 

as shown in Figure 2.8(b), the increase in Sd caused negligible changes in the maximum 

acceleration of the tower portion, particularly for Sd≤1.5Dop.  This indicates that more 

energy was absorbed by the rotor-nacelle assembly atop the tower top.  The different 

trends could also manifest the scour-induced changes in the inertial interaction: e.g., 

affecting the participation of vibration modes (Liang et al., 2020).  
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Figure 2.8 Normalized maximum lateral accelerations (a) at tower top and (b) of 

tower varied with scour depth (Case A) 

 

 

Figure 2.9 Normalized maximum lateral displacements of (a) monopile at post-

scour seabed and (b) tower top varied with scour depth (Case A) 

Figures 2.9 and 2.10, respectively, show the effect of local scour depth on the 

maximum lateral displacement and rotation of the monopile at the post-scour seabed 

level and the tower top (Swb=0 and S=30°).  The effect of Sd on the maximum lateral 

displacement was more significant at the tower top than that of the monopile at the post-

scour seabed level.  From the mean trendline, the maximum lateral displacement of the 

monopile at the post-scour seabed level decreased by 4% as Sd increased from 0 to 
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2.5Dop.  Contrarily, the maximum lateral displacement at the tower top was increased 

by up to 15% at Sd=1.5Dop-2.5Dop, and the peak increase generally occurred at 

Sd=2.0Dop.  In comparison to the maximum displacement, scour effect on the maximum 

rotation was more significant.  The maximum rotation of the monopile at the post-scour 

seabed level was amplified due to scour, showing a peak amplification of 16% at 

Sd=1.5Dop.  Likewise, a peak amplification (19%) of the maximum rotation at the tower 

top generally occurred at Sd=1.5Dop-2.0Dop.   

 

 

Figure 2.10 Normalized maximum rotations of (a) monopile at post-scour seabed 

level and (b) tower top varied with scour depth (Case A) 

Figure 2.11 shows the normalized maximum bending moment of the embedded 

portion of monopile and that of the tower varied with Sd while Swb=0 and S=30°.  In 

Figure 2.11(a), the maximum bending moment of the embedded monopile on average 

increased by up to 29% as Sd increased from 0 to 2.5Dop, which was agreeable with the 

shake-table/centrifuge tests (Shang et al., 2016; Wang et al., 2015; Zhu et al., 2020).  A 

similar trend was also observed at the tower portion but with a smaller increase [Figure 

2.11(b)].  As with Jiang and Lin (2020), the peak increase in the maximum bending 

moments of monopile and tower generally occurred at Sd=2.0Dop, which could result 

from the resonance effect between the integrated OWT system and the bedrock motions. 
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Figure 2.11 Normalized maximum bending moments of (a) embedded portion of 

monopile and (b) tower varied with scour depth (Case A) 

 

2.6.2.2. Liquefied cases (Cases B and C) 

This section discusses the dynamic responses of the OWT structures in the 

liquefied condition.  In comparison to the non-liquefied case (Case A), more scattered 

results were found because liquefaction usually introduces marked nonlinearity and 

causes variable responses under different ground motions (Turner et al., 2017; Wang et 

al., 2020, 2019).  For example, liquefaction-induced changes in soil stiffness, soil-

monopile stiffness contrast, and frequency and wavelength of free-field excitation could 

affect soil-monopile interactions and therefore total dynamic responses of the entire 

OWT system.   

Figure 2.12 shows the normalized maximum lateral acceleration at the tower top 

and that of the tower portion under different Sd while Swb=∞ or S=0°.  Although more 

variable responses occurred in Case B than Case C due to the different density of soils 

(and thus kinematic interactions), the mean trendlines were agreeable.  The maximum 

lateral acceleration at the tower top [Figures 2.12(a) and (c)] was amplified by up to 10% 

(Case B) and 5% (Case C) by scour and the peak amplification generally occurred at 

Sd=1.5Dop, which was consistent to non-liquefied case [Case A in Figure 2.8(a)].  

Besides, the maximum lateral acceleration of the tower portion [Figures 2.12(b) and (d)] 

on average decreased as Sd increased, showing a similar trend to the non-liquefied case 

[Case A in Figure 2.8(b)].  The normalized maximum accelerations that were more 
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scatter in Case B than in Case C could be due to two reasons: (1) unlike Case B where 

the depth of liquefaction (i.e., ru value and the depth range of liquefied soils) was varied 

with different ground motions, the entire layer of loose sand in Case C was fully 

liquefied (ru=1.0) under different ground motions, which somehow “filtered” out 

certain high-frequency contents in the seismic input that could interact with the OWT 

system and produce evident amplifications as occurred in Case B; (2) the effect of 

scour-induced changes in overburden (and thus the response acceleration of structure) 

was relatively smaller in loose sands (Case C) than in dense sands (Case B).   
 

 

Figure 2.12 Normalized maximum lateral accelerations varied with scour depth 

in liquefied cases: (a) and (c) for tower top; (b) and (d) for tower portion 
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Figure 2.13 shows the normalized maximum lateral displacement of the monopile 

at the post-scour seabed level and at the tower top under different Sd while Swb=∞ or 

S=0°.  In comparison, the effect of scour on the maximum lateral displacement was 

similar between Case B and Case C, and the results for both liquefied cases (Cases B 

and C) were less affected by scour than those for non-liquefied soil (Case A).  This is 

attributed to that the scour-induced loss of stiffness and strength in non-liquefied soil 

was more pronounced than in liquefied soils as the stiffness and strength of the liquefied 

soil were already very small.   
 

 

Figure 2.13 Normalized maximum lateral displacements varied with scour depth 

in liquefied cases: (a) and (c) for monopile at post-scour seabed level and (b) and 

(d) for tower top 
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Figure 2.13 also shows that the effect of Sd on the maximum lateral displacement 

was more remarkable at the tower top [Figure 2.13(b) and (d)] than monopile at the 

post-scour seabed level [Figure 2.13(a) and (c)].  From the mean trendline, the 

maximum lateral displacement at the tower top increased by up to 8% for Sd=0 to 2.5Dop 

in the liquefied cases, which was much smaller than 15% in the non-liquefied case 

[Figure 2.9(b)].  As with Jia et al. (2017) and Zhu et al. (2020), the increase in Sd 

generally increased the maximum displacement at the tower top.  It is also noted that 

the variability of the maximum displacement at the tower top was more noticeable at 

greater scour depths (e.g., Sd≥1.5Dop), featuring both increase and decrease in the 

displacement with the increased scour depth.  This could be due to the nonlinearity of 

liquefaction (Khosravifar et al., 2014; Wang et al., 2019) and the inherent variability of 

different input motions (as shown in Table 2.3) (Shang et al., 2016; Turner et al., 2017; 

Wang et al., 2020, 2019).  For example, the liquefaction-induced softening effect could 

intensify the phase difference between the kinematic and inertial interactions, which 

could further influence the dynamic responses (Tokimatsu et al., 2005).  Moreover, the 

effect of Rayleigh damping on the lateral displacement at the tower top was found to 

be more significant than the other locations of the OWT structure due to a heavy rotor-

nacelle assembly (Jia et al., 2017).  The changes in the Rayleigh damping concerning 

the stiffness-proportional component caused by the softening effect of liquefaction 

could introduce more nonlinearity and render a mixed response.   

Figure 2.14 shows the normalized maximum rotation of monopile at the post-scour 

seabed level and that at the tower top under various Sd while Swb=∞ or S=0°.  As 

indicated by Wang et al. (2019), a relatively strong correlation between pile curvature 

and inertial interaction could be identified in a non-liquefied scenario.  Contrarily, in a 

liquefied scenario, such a correlation tended to be weak, and it is difficult to identify 

whether the pile curvature was more affected by the inertial interaction or the kinematic 

interaction under different ground motions.  As discussed in Figure 2.7, affected by the 

nonlinear kinematic interaction, the rotation response was more sensitive to scour effect 

for the non-liquefied soil.  This, however, was not noticeable in the liquefied soils as 

shown in Figure 2.14.  It is also noted that the rotation results for monopile at the post-

scour seabed were increasingly scatter with increased scour depth, showing both scour-

induced amplification and attenuation (up to ±20% variation) [Figures 2.14(a) and (c)].  

The mean trendline for the rotation at this location was almost not changed by scour 

depth, which was different from the trend in Figure 2.10(a).  In contrast, the maximum 
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rotation at the tower top was less scatter at a greater scour depth [Figures 2.14(b) and 

(d)], showing a relatively consistent trend because the response at the tower top was 

more affected by the inertial interaction.  Overall, the maximum rotation at the tower 

top was increased by up to 6% (Case B) or 10% (Case C) as Sd increased from 0 to 

2.5Dop, which was less than that in Case A (19%).  However, the peak increase was 

found to occur at the same scour depth of Sd=1.5Dop for all the three cases. 

 

 

Figure 2.14 Normalized maximum rotations varied with scour depth in liquefied 

cases: (a) and (c) for monopile at post-scour seabed level and (b) and (d) for 

tower top 
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Figure 2.15 shows the normalized maximum bending moment of the embedded 

portion of monopile and that of the tower portion with varying Sd for Cases B and C.  

The effect of Sd on the maximum bending moment in the liquefied cases was less 

significant than in the non-liquefied case (Figure 2.11), which was consistent to other 

dynamic responses observed and the reason was also explained previously.   

 

 

Figure 2.15 Normalized maximum bending moments varied with scour depth in 

liquefied cases: (a) and (c) for embedded portion of monopile and (b) and (d) for 

tower portion 
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It is also observed that the maximum bending moment of the embedded portion of 

monopile [Figures 2.15(a) and (c)] tended to decrease slightly with scour depth while 

the maximum bending moment of the tower portion [Figures 2.15(b) and (d)] was 

increased as Sd increased from 0 to 2.5Dop, with the peak increase being up to 6% (Case 

B) or 9% (Case C).  The reason for the different responses at the two locations was that 

the former was primarily affected by kinematic interaction which was varied 

insignificantly by scour as the soil stiffness and strength in liquefied condition were 

already very small.  In contrast, the latter was affected by both kinematic and inertial 

interactions and the inertial interaction tended to be amplified by scour as the cantilever 

portion of the OWT system was increased.   

In summary, the preceding comparison between the non-liquefied condition (Case 

A) and the liquefied condition (Cases B and C) highlighted the effect of soil liquefaction 

on the post-scour seismic responses of the monopile-supported OWT system.  Overall, 

dynamic responses of the OWT structure in liquefiable soils exhibited more nonlinear 

features under different bedrock input motions, which were consistent with other 

studies (Khosravifar et al., 2014; Shang et al., 2016; Wang et al., 2019).  In the liquefied 

soils, the increase in Sd imposed less impact on the maximum dynamic responses of the 

OWT system.  This could be due to two reasons: (1) the seismic energy associated with 

the high-frequency components of the bedrock motion was precluded to be transmitted 

to the ground (Kramer, 1996; Kramer et al., 2016; Mehrzad et al., 2018); and (2) the 

scour-induced loss of stiffness and strength in liquefied soil was smaller than in non-

liquefied soil as the stiffness and strength of the liquefied soil were already very small.   

2.7 Conclusions 

This study proposed a practical approach to evaluating the responses of piles in 

sands under the combined effects of scour and earthquakes.  This approach is novel in 

that it realistically captured the difference in scour-hole geometric conditions between 

liquefied and non-liquefied conditions.  The proposed procedure was encoded into a set 

of open-source computer scripts for analyzing the post-scour dynamic responses of the 

monopile-supported OWTs in sands.  A total of 102 parametric analyses were 

performed by varying scour depth, soil relative densities, and crustal earthquake input 

motions.  The following conclusions were obtained from the study:   

(1) In the non-liquefied condition, local scour around piles was characterized by 
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typical scour-hole dimensions including scour-hole depth, bottom width, and side 

slope; in the liquefied condition, the local scour turned into the general scour with 

the dimensions only defined by scour depth.   

(2) The first-mode fundamental frequency, f1, of the integrated soil-monopile-tower-

RNA system decreased by 13%-19% as scour depth, Sd, increased from 0 to 2.5Dop.  

Scour could shift f1 into the rotor frequency range, causing resonance.  The ratio 

between the first two natural frequencies (f2/f1) ranged from 5.0-5.4, indicating a 

distinct difference in the natural modes of the integrated OWT system.  The 

decrease of higher-mode frequencies (f2, f3) should be evaluated in the OWT design 

against scour due to the increased slenderness of the system.   

(3) For a non-liquefied case (Case A), the maximum lateral acceleration, lateral 

displacement, and rotation at the tower top, and the maximum bending moments 

of the embedded monopile and the tower portion were all increased with increasing 

scour depth.  Besides, the peak increase of these responses with scour depth 

generally occurred at Sd=1.5Dop-2.0Dop due to the resonance effect between the 

soil-structure system and the bedrock input motions at this range of scour depth.   

(4) For liquefied cases (Cases B and C), the dynamic responses of the monopile-

supported OWTs in sands with different relative densities exhibited similar trends.  

The increase in Sd caused the increase in the maximum lateral displacement and 

rotation at the tower top and the maximum bending moment of the tower, while the 

scour effect on the maximum bending moment of the embedded portion of 

monopile was minor.  For the given variable input motions, the results were more 

scatter with increased scour depth due to the marked nonlinearity of liquefaction 

and the inherent variability of different bedrock motions.   

(5) The difference in the liquefaction state (Case A vs. Cases B & C) produced different 

responses of the OWT system under increased scour depth, with the results being 

more variable in liquefied soil (Cases B and C) than in non-liquefied soil (Case A).  

In general, the scour effect was more remarkable in the non-liquefied case than in 

the liquefied case.  Within the typical range of scour depth (i.e., 1.3Dop-2.5Dop) 

adopted in design practice, scour depths of 1.5Dop-2.0Dop could be appropriate for 

use in a non-liquefied case, while a greater general scour depth (e.g., 2.5Dop) would 

be more suitable for use in a liquefied case when assessing the maximum seismic 

responses of the monopile-supported OWT under scoured conditions.   
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2.8 Notation 

Ab = cross-section area at the base of the free-field soil column  

C1, C2, C3 = three constants dependent on Dr (API, 2011) 

cdrag= drag coefficient accounting for gapping effect between pile and soil  

ch,sc= post-scour lateral damping coefficient  

cv,sc= post-scour vertical damping coefficient  

Dop = outside diameter of monopile 

Dr= relative density of soil  

fm = a multiplier (≤1.0) to calculate post-liquefaction residual soil resistance  

fn = the nth natural frequency corresponding to the nth natural mode of vibration of the 

integrated soil-monopile-tower-turbine system, n=1, 2, 3 

f1P = rotor frequency of the turbine  

Gmax,sc = post-scour small-strain shear modulus of soil  

g = gravitational acceleration  

ho= water depth outside monopile 

hi = water depth inside monopile 

In= modified Bessel function of order (n=0, 1, 2) of the first kind 

Kn= modified Bessel function of order (n=0, 1, 2) of the second kind 

K2, max = dimensionless factor dependent on Dr 

ko = coefficient of lateral earth pressure at rest, ko=1-sin𝜑′ 

𝑚a
o = outside added mass per unit length of a pile 

𝑚a
i  = inside added mass per unit length of a pile 

Nq = end bearing factor suggested by API (2011)  

p = lateral soil resistance per unit length of a pile 

pu,sc = ultimate lateral soil resistance considering scour dimensions  

pu,sl = ultimate lateral soil resistance considering the combined effects of scour 

dimensions and liquefaction-induced softening  

pu,res = residual soil resistance of the modified p-y curve in a fully liquefied condition 

(ru=1)  

q = unit end bearing in stress units 

rip = inside radius of monopile  

ru = excess pore water pressure ratio  

Sd = scour depth 
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Swb = scour-hole bottom width 

Swt = scour-hole top width, Swt=Swb+Sd/tanS 

S = scour-hole side slope angle 

t = unit shaft friction in stress units  

𝑡u,res = residual soil resistance of the modified t-z curve in a fully liquefied condition 

(i.e., ru=1) 

tu,sl = ultimate soil resistance of the modified t-z curve that accounts for scour and 

liquefaction effects  

Vb = shear wave velocity of the bedrock (or firm ground)  

Vs,sc = pos-scour shear wave velocity of soil, Vs,sc=(Gmax,sc/sat)
0.5 

y = lateral soil displacement 

z = depth below post-scour seabed 

𝛼𝑚  = dimensionless factor, taken as (2𝑚 − 1)𝜋 2⁄   with 𝑚  being an integer ranging 

from one to infinity 

 = friction factor suggested by API (2011)  

’ = submerged unit weight of soil 

u= excess pore water pressure in free-field soil  

z= element size of monopile  

b = mass density of the bedrock (or firm ground)  

sat= saturated mass density of soil  

w= mass density of water  

’v,sc = post-scour vertical effective stress of soil at monopile  

’m = mean effective stress in free-field soil at a time instant of interest 

’mo = mean effective stress in free-field soil at initial time instant  

𝜑′ = effective friction angle of soil  
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Chapter 3 Seismic Responses of Monopile-

Supported Offshore Wind Turbines in Soft Clays 

under Scoured Conditions 

3.1 Abstract 

For the monopile-supported offshore wind turbine (OWT), scour can significantly 

affect the seismic responses of the structure.  However, the combined effects of scour 

and earthquakes are not fully appreciated.  This study proposed a new method to 

evaluate the post-scour seismic responses of monopole-supported OWTs, considering 

various scour-hole dimensions and soil stress-history changes due to different scour 

levels.  Using the developed computer scripts, a parametric study was conducted, 

including 198 cases on a monopile-supported OWT in soft clays under different scoured 

conditions and six crustal earthquakes.  The results showed that scour significantly 

changed the seismic responses of the selected OWT structure.  Use of an overpredicted 

scour depth in the post-scour analysis underestimated the seismic response while 

simplifying local scour as general scour and ignoring soil stress history overestimated 

the seismic response of OWT.  This research recommends in analysis the use of a cone-

shape scour hole with side slope angle of 30°.   

3.2 Introduction 

The number of offshore wind turbine (OWT) farms has been increasing globally, 

due to the great potential to produce sustainable energy.  In particular, the popularity of 

monopile-supported OWT has increased significantly over the years due to the ease of 

fabrication, installation, and operation (GWEC, 2020; REN21, 2019, p. 21; 

WindEurope, 2019).  Typically, a monopile is a tubular steel pile with an outside 

diameter of four to six meters for supporting tower and rotor-nacelle assembly (RNA) 

in water depths up to 35 m (Doherty and Gavin, 2012; Klinkvort and Hededal, 2013; 

Søren and Lars Bo, 2013).  The OWT system is often designed against the cyclic lateral 

loads due to waves, winds, and rotor vibration.  Affected by currents and waves, the 

OWT is also vulnerable to scour.  In the active seismic zones, damage to the OWT can 
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be magnified by the combined effects of scour and earthquake (Zheng et al., 2015).  In 

extreme conditions, the occurrence of both scour and earthquake can exist when: (1) 

the newly deposited sediments in the scour hole are liquefied or softened during the 

earthquake; and (2) a large earthquake produces a tsunami-induced scour followed by 

aftershocks, such as the 2011 Tohoku earthquake (Yim et al., 2014).  Scour not only 

reduces the monopile capacity but also changes the dynamic characteristics of the OWT 

system.  It is, therefore, worthwhile to investigate the scour effects on the seismic 

responses of monopile-supported OWT that often has no redundancy in the structural 

system (Myers et al., 2012). 

The design of monopile-supported OWTs is mainly dictated by their dynamic 

characteristics, among which the fundamental frequency is the key (Bhattacharya et al., 

2013; Dean, 2010).  Generally, the design follows a soft-stiff design rule (DNV, 2014; 

GL, 2012) such that the fundamental frequency, f1, of the OWT system falls between 

the zone of rotor frequency, f1P, and the zone of blade-passing frequency to avoid the 

resonance (Bhattacharya et al., 2011).  This narrow frequency band requires a careful 

assessment of foundation stiffness over a typical design life of 20-25 years (Carter, 

2007).  Hence, considering scour is essential as it may shift the fundamental frequency 

into the f1P resonance range and amplify the structural dynamic responses.  Scour 

around monopile includes general scour (erosion across the seabed) and local scour 

(development of a scour hole around the pile), which can occur not only in cohesionless 

soils but also in cohesive soils (Couldrey et al., 2020; Harris and Whitehouse, 2014, 

2017; Mueller and Wagner, 2005; Whitehouse, 1998; Whitehouse et al., 2011).  The 

consequence of scour includes removal of soil supports to pile and an increase in over-

consolidation ratio (OCR) of the remaining soils that are unloaded due to the removal 

of overburden (Lin et al., 2014b).  That is, scour effects include changes to both seabed 

geometry around the pile and stress history of the remaining soils, which are anticipated 

to affect the natural frequency and seismic responses of the OWTs.   

At present, only limited research is focused on the responses of OWTs or piles 

under combined effects of earthquakes and scour, which mostly evaluates the scour 

process as a general scour.  Guan et al. (2019) examined the interaction between the 

scouring process and monopile vibration in a flume test, where the monopile top was 

excited by simple harmonic motions.  Prendergast et al. (2015) measured variations of 

the fundamental frequency with general scour depths and evaluated the scour effect on 

the shift of the fundamental frequency.  Jia et al. (2017) analyzed dynamic responses of 



 

Page 48 of 198 

bucket-supported OWTs using continuum finite elements (Fes) under combined effects 

of general scour and one earthquake record.  In addition to the full continuum FE 

analyses, the dynamic-beam-on-nonlinear-Winkler-foundation (DBNWF) method 

(Boulanger et al., 1999) is often adopted to analyze the combined effects of earthquakes 

and scour, in which a general scour is simply simulated by removing the p-y springs 

within an estimated maximum scour depth (Abhinav and Saha, 2016; Li et al., 2018; 

Rezaei et al., 2018; Tempel et al., 2004).   

Previous research on the effects of scour-hole dimensions and soil stress history 

has mainly focused on the static responses of OWTs or piles (Achmus et al., 2010; He 

et al., 2019; Li et al., 2020; H. Ma et al., 2018; Tseng et al., 2018); however, there is 

almost no study on their effects on the dynamic responses of OWTs or piles.  The 

evaluation of scour-hole dimensions was highlighted by a recent centrifuge test (Li et 

al., 2020) to investigate the effects of both local and general scour on the monotonic 

lateral monopile response.  To investigate the lateral response under static wind-wave 

loads, several studies (Achmus et al., 2010; H. Ma et al., 2018) explicitly modeled 

three-dimensional local scour using continuum FE method but neglected soil stress-

history changes.  Contrarily, He et al. (2019) considered and highlighted the effects of 

soil stress-history changes on the structural responses.  Recent studies (Tseng et al., 

2018, 2017) adopted the post-scour p-y springs (Lin et al., 2014a) to account for the 

scour-hole dimensions, but no soil stress history was included.  Overall, the above 

literature review indicates two research gaps: (1) lack of understanding of the combined 

effects of earthquakes and scour where multiple recorded earthquakes are considered, 

and (2) lack of research on the effects of scour-hole dimensions and soil stress history 

on seismic responses of OWTs.   

This study aimed to propose a simple method for investigating the combined effects 

of earthquakes and scour on OWTs in soft clays, in which the effects of both scour-hole 

dimensions and soil stress history were incorporated into the framework of dynamic 

soil-structure interaction [i.e., DBNWF (Boulanger et al., 1999)].  The proposed 

processes were encoded into a set of open-source scripts via MATLAB (MATLAB, 

2019) and OpenSees (McKenna, 2011) and validated against the existing results.  Using 

this method, 198 nonlinear time-domain parametric analyses were conducted for six 

crustal earthquake motions.  Through the parametric analyses, scour effects including 

the scour-hole dimensions and soil stress-history changes on the dynamic responses of 

the monopile-supported OWT in soft clays were illuminated, and some design-related 
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issues were also discussed. 

3.3 Overview of dynamic soil-structure interaction 

Dynamic soil-structure interactions essentially include kinematic interaction and 

inertial interaction.  Kinematic interaction is mainly affected by soil movements and 

soil-pile interface behaviors, while inertial interaction is mainly related to the mass of 

the superstructure.  In general, nonlinear soil behaviors under strong ground motions 

and soil-pile interface behaviors (e.g., slip, gap, and closure, etc.) represent the essential 

responses of the entire OWT system.  The method of DBNWF is commonly used to 

evaluate the dynamic soil-structure interaction, where the pile is simplified as a series 

of massless beams with lumped mass, and soil-pile interactions are represented by a 

series of uncoupled nonlinear springs in parallel with dashpots.   

The governing equation of DBNWF for a pile under lateral dynamic loading can 

be written as Eq. (3-1), where the pile is discretized into n elements and nodes i=1 to 

n+1.   

 

𝑘𝑖
p(𝑢𝑖+1 − 𝑢𝑖) + 𝑘𝑖

s(𝑢𝑖 − 𝑢s𝑖) + 𝑐𝑖
p(𝑢̇𝑖+1 − 𝑢̇𝑖) + 𝑐𝑖

s(𝑢̇𝑖 − 𝑢̇s𝑖) + 𝑚𝑖(𝑢̈𝑔 + 𝑢̈𝑖) = 0 

(3-1) 
 

From Eq. (3-1), pile lateral dynamic responses are dependent on free-field motions 

(usi and u̇si).  In nonlinear analyses, ki
s
 is often evaluated using the p-y curves (Matlock, 

1970).  Material damping (ci

p
), is often simulated using Rayleigh damping, which is 

proportional to the mass and stiffness.  Soil damping (ci
s), includes hysteresis damping 

and radiation damping, where the latter can be simulated using a linear dashpot in 

parallel to the elastic component of spring to account for high-frequency energy 

dissipation.  Scour that removes soil supports and changes soil OCRs can affect all the 

above-mentioned parameters (u̇si, usi, ki
s
, and ci

s) in Eq. (3-1) and therefore the lateral 

dynamic responses of piles.  Likewise, scour can also affect the vertical dynamic 

responses of piles.   

3.4 Proposed method 

The proposed method includes: (1) improvement of DBNWF to consider effects of 
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both scour-hole dimensions and soil stress history, dubbed modified DBNWF method, 

and (2) a practical procedure that integrates scour effects into 1D site response analysis 

to compute post-scour free-field motions.  A flowchart of the implementation of the 

proposed method is shown in Figure 3.1.  

 

 

Figure 3.1 Implementation of the proposed approach 

3.4.1 Modified DBNWF method 

For the pre-scour cases where the seabed is leveled, the horizontal and vertical soil-

pile interactions in soft clays are often represented by the Matlock p-y springs (Matlock, 

1970), API t-z and q-z springs (API, 2011) and these springs are mainly dependent on 
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the ultimate resistances.  Besides, soil radiation damping is usually simulated by a linear 

dashpot (i.e., constant damping coefficient) in parallel with the springs (Berger et al., 

1977; Gazetas and Dobry, 1984).  Therefore, to consider the effects of soil stress history 

and scour-hole dimensions, post-scour springs and dashpots are determined by 

modifying the ultimate resistances and radiation damping coefficients, which forms the 

basis of the modified DBNWF method. 

3.4.1.1 Effects of soil stress history on soil parameters  

Because scour is an unloading process for the remaining soils, it increases soil OCR 

and changes other soil properties.  To evaluate soil properties after scour, the authors 

established correlations for effective unit weight between before and after scour (’ and 

’sc) through changes in void ratio I and overburden, and for undrained shear strength 

between before and after scour (cu and cu,sc) through OCR according to the critical state 

soil mechanics (Lin et al., 2014b).  That is, post-scour effective unit weight, and 

undrained shear strength of soft clays are calculated by 

 

𝛾sc
′ = 𝛾′(1 + 𝑒) [1 + 𝑒 + 𝐶s logOCR]⁄     (3-2) 

 

𝑐u,sc = 𝑐uOCR
−𝐶𝑠 𝐶𝑐⁄

         (3-3) 

 

OCR = min (
𝛾′𝜒

𝛾sc
′ 𝜒sc

, OCRlimit )      (3-4) 

 

OCRlimit = [(1 + sin𝜙′) (1 − sin𝜙′)2⁄ ]1 sin𝜙′⁄   (3-5) 
 

In the equations above, Cc and Cs are compression index and swell index of soil, 

respectively; sc is the depth below the scour-hole bottom.  OCRlimit is the maximum 

OCR accounting for the passive failure of soils near the post-scour seabed due to the 

removal of overburden (Kulhawy and Mayne, 1990; Schofield and Wroth, 1968).  

Furthermore, soil dynamic properties after scour, such as post-scour maximum shear 

modulus (Gmax,sc) can be determined by modifying the equation of Hardin and Drnevich 

(1972). 

 

𝐺max,sc = 625(OCR)𝜖√𝑝a𝜎m,sc′ /{0.3 + 0.7[𝑒 + 𝐶s logOCR]2} (3-6) 

 

𝜎m,sc
′ = 𝛾sc

′ 𝜒sc [1 + 2(1 − sin𝜙
′)OCR

sin𝜙′] 3⁄      (3-7) 
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For a typical range of scour depth (1.3Dop-2.5Dop), the calculated Gmax,sc of soft 

clays using Eq. (3-6) was 19.79 Mpa-19.94 Mpa in this study, which is within the range 

(18.06 Mpa-40.89 Mpa) suggested by Santos (2000), indicating the rationality of Eq. 

(3-6).   

3.4.1.2 Soil-pile interaction analysis considering scour effects 

Post-scour soil-pile interactions are evaluated for both axial and lateral dynamic 

loads through deriving the post-scour springs and dashpots.  The effects of both scour-

hole dimensions and soil stress history are considered in deriving the post-scour springs 

and dashpots.  The extent of general scour is defined by general scour depth, while that 

of local scour by scour-hole dimensions as illustrated in Figure 3.2 where the scour hole 

is idealized as a truncated cone.   

 

 

Figure 3.2 General scour and local scour hole at a monopile foundation 

 

3.4.1.2.1 Post-scour vertical springs and dashpots 

For the vertical soil-pile interactions, post-scour t-z and q-z springs are achieved by 

modifying the ultimate resistances.  The ultimate resistance of the q-z springs is mainly 

dependent on the undrained shear strength; therefore, post-scour ultimate resistance of 

the q-z spring was simply given by qult,sc=9cu,sc.  However, the ultimate resistance of the 

t-z springs (tult,sc) is related to both undrained shear strength and soil effective stress 

using Eq. (3-8).  To account for scour-hole effects, the remaining soils above post-scour 

seabed are treated as surcharge load and vertical effective stress of soil surrounding the 
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pile induced by the surcharge load is calculated using Boussinesq’s solution (Lin and 

Jiang, 2019; Lin and Wu, 2019).  To account for the effect of soil stress history, the 

post-scour soil properties determined in Section 3.4.1.1 are used.  Finally, tult,sc 

calculated by Eq. (3-8) is substituted into API t-z curves (API, 2011) so that the 

modified t-z curves can consider effects of scour-hole dimensions and soil stress history.   

 

𝑡ult,sc = {
0.5(𝑐u,sc𝑝v,sc

′ )
0.5
 for 𝑐u,sc ≤ 𝑝v,sc

′

0.5𝑐u,sc
0.75(𝑝v,sc

′ )
0.25

 for 𝑐u,sc > 𝑝v,sc
′

 and 𝑡ult,sc ≤ 𝑐u,sc (3-8) 

 

𝑝v,sc
′ = 𝛾sc

′ 𝜒sc {1 + tan 𝑆𝜃 [
𝑆wt+0.5𝐷op

√(𝑆wt+0.5𝐷op)
2
+𝜒sc

2
−

𝑆wb+0.5𝐷op

√(𝑆wb+0.5𝐷op)
2
+𝜒sc

2
]}   (3-9) 

 

Furthermore, vertical radiation damping after scour is considered by substituting 

the post-scour vertical damping coefficient given by Eq. (3-10) into the conventional 

vertical dashpot (Berger et al., 1977). 
 

𝑐v,sc = ∆χ[2𝜋𝐷op√(𝛾sc′ 𝑔⁄ + 𝜌w)𝐺max,sc]    (3-10) 

3.4.1.2.2 Post-scour lateral springs and dashpots 

The post-scour p-y curves are developed by substituting the post-scour ultimate 

soil resistance, pult,sc, into Matlock p-y curves (Matlock, 1970).  The pult,sc is determined 

using Eq. (3-11), in which the effect of scour-hole dimensions is considered using the 

equivalent depth method (Lin et al., 2016) and the effect of soil stress history post-scour 

is considered using post-scour soil properties determined in Section 3.4.1.1.   

 

𝑝ult,sc = min[(3 + 𝛾sc
′ 𝜒eq 𝑐u,sc⁄ + 0.5𝜒eq 𝐷op⁄ )𝑐u,sc𝐷op, 9𝑐u,sc𝐷op] (3-11) 

 

where the equivalent depth (eq) is back-calculated from Eq. (3-12) given the post-

scour ultimate soil resistance force, Fsc.   

 

𝐹sc = 0.5𝛾sc
′ 𝐷op𝜒eq

2 + 2𝑐u,sc𝐷op𝜒eq + √2𝑐u,sc𝜒eq
2      (3-12) 

 

where the Fsc is calculated based on the scour-hole slope angle as follows: 
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𝐹sc = {

𝐹0                    (0 < 𝜒sc ≤ 𝑆wb)

𝐹1   (𝑆wb < 𝜒sc ≤ 𝑆wb + Θ𝑆dl)

𝐹2               (𝜒sc > 𝑆wb + Θ𝑆dl)
   when 𝑆𝜃 < 45°    (3-13a) 

 

𝐹sc = {
𝐹0                     (0 < 𝜒sc ≤ 𝑆wb)

𝐹2                              (𝜒sc > 𝑆wb)
   when 𝑆𝜃 ≥ 45°    (3-13b) 

 

𝐹0 = 0.5𝛾sc
′ 𝐷op𝜒sc

2 + 2𝑐u,sc𝐷op𝜒eq + √2𝑐u,sc𝜒sc
2        (3-14a) 

 

𝐹1 = 0.5𝛾sc
′ 𝐷op[𝜒sc

2 + Θ(𝜒sc − 𝑆wb)
2] + 2𝑐u,sc𝐷op[𝜒sc + Θ(𝜒−𝑆wb)] +

√2𝑐u,sc[𝜒sc
2 + Θ(𝜒sc−𝑆wb)

2]            (3-14b) 

 

𝐹2 = 0.5𝛾sc
′ 𝐷op[(𝜒sc + 𝑆dl)

2 − 𝑆dl(𝑆wb + 𝑆wt)] + 2𝑐u,sc𝐷op(𝜒sc + 𝑆dl)  +

√2𝑐u,sc[(𝜒sc + 𝑆dl)
2 − 𝑆dl(𝑆wb + 𝑆wt)]         (3-14c) 

 

Furthermore, lateral radiation damping after scour is considered by substituting the 

post-scour lateral damping coefficient given by Eq. (3-15) into the lateral dashpots 

proposed by Gazetas and Dobry (1984).   

 

𝑐h,sc = ∆χ[4𝐷op√(𝛾sc′ 𝑔⁄ + 𝜌w)𝐺max,sc]    (3-15) 

 

3.4.2 Site response analysis considering scour effects  

Seismic excitation for DBNWF analysis is achieved by applying the free-field 

displacements to the ends of spring-dashpot elements.  The free-field displacements are 

obtained from the site response analysis (SRA).  The earthquake motions recorded on the 

embedded bedrock/firm soils (i.e., within motion) or on the rock outcrop or firm ground 

(i.e., outcropping motion) can be input directly to the SRA model.  However, if the 

earthquake motions are recorded on the soft ground, deconvolution is implemented to 

back-calculate the within motions or the outcropping motions (Kramer, 1996).  Once 

the input earthquake motion (either within motion or outcropping motion) is known, 

one-dimensional nonlinear SRA is performed to simulate the shear wave propagating 

upward from the bedrock to the overlying soft clays.  From this analysis, the free-field 

displacement time histories at different depths in soft clays are calculated.   

Herein, a practical method is proposed to incorporate the scour effects into the 1D 
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nonlinear SRA.  Scour effects on changes in the soil stress history are considered to be 

only due to general scour, and those caused by local scour are neglected.  The reasons 

are that local scour is a near-field problem while general scour is a far-field problem.  

The influence of local scour on the free-field soil properties is considered to be 

negligible (Meymand, 1998; Shang et al., 2016).  The nonlinear SRA employs the 

general quadratic/hyperbolic (GQ/H) model (Groholski et al., 2016) with the shear 

strength and damping controls (Afacan et al., 2019; Yee et al., 2013).  The GQ/H model 

uses the reference modulus reduction and damping curves proposed by Darendeli 

(2001).  To account for the effect of soil stress history, scour-induced changes in OCR 

and post-scour soil parameters are explicitly included in Darendeli’s curves.  It is worth 

noting that the post-scour soil parameters used for the 1D site response analysis are 

calculated only for general scour depth, and therefore in Eqs. (3-2)-(3-7), sc+Sdl is 

replaced by sc.  Furthermore, the ground surface of the 1D soil column is set at the 

general scour bottom, and the computed time-domain soil motions are extracted from 

the pile tip to the scour-hole bottom.   

3.4.3 Implementation 

The foregoing processes proposed to compute the post-scour soil-pile interactions 

and free-field displacements are encoded using MATLAB (MATLAB, 2019) and 

implemented in open-source platforms of OpenSees (McKenna, 2011) and DEEPSOIL 

(Hashash et al., 2017).  Figure 3.1 shows the flowchart of the implementation of the 

proposed method (the developed codes are provided as supplementary materials).  

Given the input parameters, a pre-processing MATLAB program developed based on 

Sections 3.4.1 and 3.4.2 can generate post-scour soil parameters, which are sent to the 

Tcl script in OpenSees to develop post-scour time-domain dynamic soil-pile interaction 

(SSI) model and to DEEPSOIL to develop post-scour 1D nonlinear SRA.  The post-

scour 1D nonlinear SRA produces free-field accelerations, which are processed using a 

signal processing script in MATLAB and then integrated to generate free-field 

displacements.  The free-field displacements are used as seismic excitations for post-

scour dynamic SSI analysis performed in the OpenSees platform.  The outcomes of the 

time-domain SSI analyses are further processed in a post-processing MATLAB 

program, from which the envelopes of specific responses (e.g., lateral displacement, 

lateral acceleration, and bending moment, etc.) are extracted.   
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3.5 Validation  

To the best of the authors’ knowledge, no experimental data is available for 

verifying seismic responses of the monopile-supported OWT considering both scour-

hole dimensions and soil stress history.  Nevertheless, the DBNWF method was 

extensively validated by comparing the results with the centrifuge test data (Boulanger 

et al., 1999; Wang et al., 1998) and with the results obtained with continuum elements 

and sophisticated constitutive models (Kampitsis et al., 2013) under the pre-scour 

conditions.  Besides, the pre-scour DBNWF method has been widely adopted to 

investigate the seismic responses of the pile-soil-structure system due to its 

computational efficiency and effectiveness in the analysis of soil-pile interactions 

(Ghosn et al., 2003; Hochi et al., 2019; Wang et al., 2018, 2013).  Furthermore, the p-y 

springs have been improved to consider the scour-hole dimensions and scour-induced 

stress history changes, which were verified by the authors (Lin et al., 2014b; Lin and 

Jiang, 2019; Lin and Wu, 2019).  Therefore, the validated foregoing models confirm 

the validity of the proposed method for analysis of the monopile-supported OWTs 

considering the combined effects of earthquakes and scour.   

To ensure the correctness of the scripts (Tcl model script and several MATLAB 

scripts) used for implementing the proposed method (Figure 3.1), two sets of analyses 

were conducted.  Firstly, a published pre-scour case (Wang et al., 2018) involving 

eigenvalues for a seismically loaded monopile-supported OWT in soft clays was 

referenced to verify the developed script of the DBNWF model.  Secondly, a published 

post-scour case (Lin et al., 2016) involving a pile in soft clays subjected to static lateral 

loads was referenced to verify the developed scripts in accommodating scour effects.  

Figure 3.3(a) shows the calculated fundamental frequencies of the entire system varied 

with different undrained shear strength.  The calculated values agreed well with the 

published data (Wang et al., 2018).  Figure 3.3(b) shows the calculated pile-top 

displacement curves varied with scour-hole depths, in which two values (30 kN and 50 

kN) of the lateral load applied at the pile top were examined.  From Figure 3.3(b), the 

results of the present study were compared well to Lin et al. (2016) that were obtained 

based on the 3D continuum finite difference model.  Overall, based on the comparisons 

in Figure 3.3(a) and (b), credence is given to the proposed processes in Figure 3.1.   
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Figure 3.3 Comparisons of (a) fundamental frequencies and (b) lateral pile-top 

displacements calculated using different methods 

3.6 Parametric analyses   

To investigate the effects of scour-hole dimensions and soil stress history on the 

seismic responses of a monopile-supported OWT in soft clays, a 3-MW wind turbine 

that is often adopted for soft soil conditions (Bhattacharya, 2019; Lombardi et al., 2013; 

Wang et al., 2018; Zaaijer, 2006) was selected as the case study, as illustrated by Figure 

3.4.   

The geometric and material properties of the structural components (Wang et al., 

2018; Zaaijer, 2006) and the pre-scour soil parameters (Baffer, 2013) used in this study 

are listed in Table 3.1 and Table 3.2, respectively.  The monopile was an open-ended 

steel pipe pile.  It should be noted that the pre-scour embedded length of the monopile 

was taken as 35 m (or 8.75Dop), which fell in the typical design range of the embedded 

length (5Dop-10Dop) (Gilbert et al., 2015).   

Table 3.3 summarizes earthquake motion records corresponding to six different 

crustal earthquakes.  These records were scaled and selected as the bedrock outcropping 

motions for general cases of analyses (Capraro, 2018; Mo et al., 2017).   
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Figure 3.4 The monopile-supported OWT under combined effects of scour and 

earthquake: (a) physical model and (b) numerical model 

Table 3.1 Parameters of structural components 

Monopile (Nonlinearity) Pile length (m) 58 

Pre-scour embedded length (m) 35 

Outside diameter (m) 4 

Wall thickness (m) 0.075 

Poisson’s ratio 0.3 

Elastic modulus (Gpa) 210 

Yield strength (Gpa) 0.408 

Mass density (kg/m3) 8500 

Tower (Nonlinearity) Height (m) 56 

Outside diameter (m) 2.8-3.5 

Wall thickness (m) 0.02-0.075 

Poisson’s ratio 0.3 

Elastic modulus (Gpa) 210 

Yield strength (Gpa) 0.408 

Mass density (kg/m3) 8500 

Rotor-nacelle assembly1 Height above mean sea level (m) 60 

Rotor diameter (m) 90 

Rotor mass (ton) 41 

Nacelle mass (ton) 70 

Three-blade mass (ton) 19 

Note: 1the rotor diameter and mass, nacelle mass, and blade mass were referenced to the online resource: 
https://en.wind-turbine-models.com/turbines/603-vestas-v90-3.0.   

https://en.wind-turbine-models.com/turbines/603-vestas-v90-3.0
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Table 3.2 Pre-scour soil parameters 

Soil property Value 

Effective unit weight (kN/m3) 6.18 

Undrained shear strength/effective vertical stress 0.30 

Plasticity index (%) 41 

Specific gravity 2.70 

Moisture content (%) 68 

Void ratio 1.83 

Compression index 0.52 

Swell index 0.13 
 

Details of earthquake motions are discussed in Section 3.6.2.  To evaluate the 

effects of scour-hole dimensions, 26 scenarios of scour-hole dimensions in Table 3.4 

were analyzed with consideration of soil stress history.  General scour depth (Sdg) was 

taken as 10% of the local scour depth (Fischenich and Landers, 1999) (i.e., Sdg=0.1Sdl).  

Note that in design practice, the typical scour-hoe dimensions used are: Swb=0, S=30°, 

and Sdl=1.3Dop-2.5Dop (API, 2011; DNV, 2014; GL, 2012; Whitehouse, 1998).  In our 

analysis, the maximum local scour depth was taken as 3.0Dop, which is larger than 

2.5Dop.  The use of a larger upper-bound scour depth was to consider effects of potential 

extreme weather conditions (e.g., hurricanes), uncertainty of scour-depth measurement 

and prediction, and turbine vibration that all can contribute to additional scour depth.  

The post-scour embedded length of the monopile investigated in the study ranged from 

5.45Dop to 8.2Dop when Sdl=0.5Dop-3.0Dop.  In the special case where Swb=∞ or S=0°, 

a local scour turned into a general scour.  To evaluate the effect of soil stress history, 

seven more cases with scour-hole dimensions of Swb=0, S=30° and Sdl=0.5Dop-3.0Dop 

were analyzed without consideration of the changes in soil stress history.  One 

earthquake motion was used for 33 cases of analyses, and therefore, for six earthquake 

motions, a total of 198 cases were analyzed in this study.   

Table 3.3 Information about bedrock input motions 

Earthquake event Moment 

magnitude 

Mechanism Record 

sequence 

number 

Component Significant 

duration 

(s) 

Chalfant Valley-

02, 1986 

6.19 Strike slip 549 180 12.55 

Loma Prieta, 

1989 

6.93 Reverse oblique 779 000 10.18 

Landers, 1992 7.28 Strike slip 832 090 25.20 

Northridge, 1994 6.69 Reverse 1042 270 16.02 

Kobe,1995 6.90 Strike slip 1111 000 9.59 

Chi-Chi, 1999 7.62 Reverse oblique 1521 089 24.86 
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Table 3.4 Summary of parametric analyses on scour effects 

Investigated 

factor 
Sdl (×Dop) Swb (×Dop) S (°) 

Embedded length of 

monopile (×Dop) 

Effect of scour 

depth 

0, 0.5, 1.3, 1.5, 

2.0, 2.5, 3.0 
0 30 

8.75, 8.20, 7.32, 7.10, 

6.55, 6.00, 5.45 

Effect of side 

slope angle 
1.5 0 

10, 20, 30, 

40, 50, 60 
7.10 

Effect of bottom 

width 
1.5 

0, 0.5, 1.0, 1.5, 

2.0 2.5, 3.0 
30 7.10 

Effect of 

simplified scour 

condition 

0, 0.5, 1.3, 1.5, 

2.0, 2.5, 3.0 
0, ∞ 0, 30 

8.75, 8.20, 7.32, 7.10, 

6.55, 6.00, 5.45 

 

To demonstrate the effect of soil stress history on soil parameters as discussed in 

Section 3.4.1.1, the post-scour soil properties at Sdl=1.5Dop were calculated and 

presented in Table 3.5.  By comparing submerged unit weight, undrained shear strength, 

and maximum shear modulus before and after scour, it is apparent that the soil stress-

history effects were significant at shallower soil depths but were minor at greater depths.  

Table 3.5 Initial and post-scour soil parameters (Sdg=0.1Sdl, Sdl=1.5Dop)  

χsc 

(×Dop) 

OCR ’ 

(kN/m3) 

’sc 

(kN/m3) 

cu 

(kPa) 

cu,sc 

(kPa) 

Gmax 

(Mpa) 

Gmax,sc 

(Mpa) 

0.06 27.33 5.99 5.62 12.32 5.39 13.32 8.58 

0.19 10.29 5.99 5.73 13.21 7.38 13.79 10.07 

0.44 4.94 5.99 5.81 15.00 10.07 14.70 11.75 

1.06 2.61 5.99 5.88 19.48 15.33 16.75 14.58 

1.56 2.09 5.99 5.91 23.07 19.19 18.23 16.36 

2.06 1.82 5.99 5.92 26.65 22.93 19.59 17.93 

3.05 1.55 5.99 5.94 33.82 30.29 22.07 20.67 

4.05 1.42 5.99 5.95 40.99 37.57 24.29 23.06 

5.04 1.33 5.99 5.96 48.16 44.80 26.33 25.22 

6.04 1.28 5.99 5.96 55.32 52.02 28.22 27.20 

7.04 1.24 5.99 5.97 62.49 59.22 30.00 29.04 

3.6.1 Numerical model 

Rotor-nacelle assembly (RNA) in a parked state was modeled by the translational 

and rotational masses atop the tower.  This simplified approach can effectively 

incorporate the moment of inertia of the blades [Eqs. (3-16)-(3-18)].  For more details 

about this approach, the reader can refer to De Risi et al. (2018) and Ali et al. (2020).   

 

𝐼𝑥 = 𝑚b𝑟b
2         (3-16) 

 

𝐼𝑦 = 0.5𝑚b𝑟b
2 + 3𝑚b𝑒𝑥

2      (3-17) 
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𝐼𝑧 = 0.5𝑚b𝑟b
2 + 3𝑚b𝑒𝑥

2      (3-18) 
 

The eccentricity (ex) between the centroids of rotor and nacelle was taken as 3 m 

here (i.e., half of the 6 m-long nacelle perfectly aligned with the axis of the tower) (De 

Risi et al., 2018).   

According to Passon et al. (2015) and Arany et al. (2017), the tubular tower and 

monopile were modeled as the nonlinear displacement-based beam elements with three-

dimensional fiber sections.  Three translational degrees of freedom (DOFs) and three 

rotational DOFs were designated to beam-element nodes.  At the pile tip, the monopile 

was assumed to rest on the bedrock in the parametric study, in which the interface 

between the bedrock and the pile tip was assumed to be frictionless.  Similar pile-tip 

condition is used by others for numerical analyses and centrifuge tests (D. H. Kim et 

al., 2014; Wang et al., 2018; Yu et al., 2015).  In this case, the pile tip was restrained in 

the vertical movement but free in horizontal movement.  The tower, which is tapered, 

was discretized into small elements with different sized cross-sections.  The co-

rotational formulation was used for the coordinate transformation in OpenSees to 

capture potential global instability of the structure (De Risi et al., 2018).  At the soil-

pile interface, the interface element involved a pair of three-DOF nodes sharing 

identical coordinates: master (i.e., soil) node and slave (i.e., pile) node.  The slave nodes 

were initially free at the vertical DOF in the gravity analysis, while slave and master 

nodes were in equal DOFs during the seismic analysis.  The energy dissipation of the 

OWT system corresponding to the hysteresis behaviors was simulated using Rayleigh 

damping (De Risi et al., 2018).  It generally results from aerodynamic damping, 

hydrodynamic damping, structural damping, and soil material damping (DNV, 2014), 

and a total damping ratio of 3% was adopted for a parked turbine (Ali et al., 2020; 

Bhattacharya, 2019; De Risi et al., 2018).   

Besides the dynamic soil-pile interactions, the effects of hydrodynamic loading 

were considered for a horizontally vibrating monopile in water.  Interactions with 

seawater outside and inside of a monopile produce a longer structural fundamental 

period and hydrodynamic pressures on the monopile due to the inertial effect of water 

(Liaw and Chopra, 1974).  Monopile-water interactions are often simulated by 

hydrodynamic added masses distributed on the submerged pile in conventional 

dynamic analyses (Goyal and Chopra, 1989a, 1989b).  Hence, the lateral nodal mass of 

the submerged monopile contained buoyant material mass and hydrodynamic added 
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mass.  The outside and inside added mass functions were written as  

 

𝑚a
o(ℎs) = 𝜌w𝜋𝑟𝐷op

2 [
8ℎo

𝜋2𝐷op
∑

(−1)𝑚−1

(2𝑚−1)2

𝐾1(𝛼𝑚𝐷op 2ℎo⁄ )

𝐾0(𝛼𝑚𝐷op 2ℎo⁄ )+𝐾2(𝛼𝑚𝐷op 2ℎo⁄ )
∞
𝑚=1 cos(𝛼𝑚ℎs ℎo⁄ )]

 (3-19a) 
 

𝑚a
i (ℎs) = 𝜌w𝜋𝑟ip

2 [
16ℎi

𝜋2𝑟ip
∑

(−1)𝑚−1

(2𝑚−1)2
∞
𝑚=1

𝐼1(𝛼𝑚𝑟ip ℎi⁄ )

𝐼0(𝛼𝑚𝑟ip ℎi⁄ )+𝐼2(𝛼𝑚𝑟ip ℎi⁄ )
cos(𝛼𝑚ℎs ℎI⁄ )]  (3-19b) 

 

The added mass to monopile was obtained through multiplying 𝑚a
o(ℎs)  and 

𝑚a
i (ℎs) at node I by the tributary length.  It should be noted that Eqs. (3-19a) and (3-

19b) were derived assuming a leveled seabed.  Because the horizontal extent of a scour 

hole is relatively small, the inertia effect of water in the scour hole on the monopile is 

negligible; therefore, no 𝑚a
o(ℎs) was added to the pile within the local scour zone.  The 

model assumed that the soil was fully plugged inside the monopile below the seabed 

according to Liu et al. (2009) and the water surface inside the monopile was set at the 

mean sea level.   

In the nonlinear site response analysis, the GQ/H model fitting procedure for the 

modulus reduction curves was conducted for shear strains up to 0.3% (Groholski et al., 

2016).  Meanwhile, the fitting of damping ratios was conducted for all available levels 

of shear strains (Phillips and Hashash, 2009).  Besides, unit weight and shear wave 

velocity of the firm ground were taken as 21.58 kN/m3 (Uthayakumar and Naesgaard, 

2004) and 760 m/s (NRCC, 2015), respectively.   

3.6.2 Earthquake motions 

Figure 3.5 plots the acceleration time histories and Fourier spectra of the six input 

earthquake motions.  The acceleration time histories were scaled to a peak bedrock 

acceleration (PBA) of 0.5g and then input as bedrock outcropping motions in 

DEEPSOIL to calculate free-field motions (Bhattacharya, 2019; NRCC, 2015).  Scaling 

of the amplitude to PBA=0.5g is generally consistent to previous studies regarding the 

seismic design of the OWT (Mo et al., 2017; Wang et al., 2018; Yang et al., 2019a, 

2019b; Yu et al., 2015; Zhu et al., 2020).   
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Figure 3.5 Accelerograms (left column) and Fourier spectra (right column) of the 

six earthquake motions 

Furthermore, since 2005 the National Building Code of Canada requires increasing 

PBA from 0.23g to 0.5g for the seismically active area (e.g., Fraser River delta) 

(Uthayakumar and Naesgaard, 2004).  It also reflects more severe shaking conditions 

that are important for evaluation as most of the existing turbines are relatively newly 

constructed and sparsely distributed and have not experienced critical shaking 

(Bhattacharya, 2019; De Risi et al., 2018; Myers et al., 2012).  The use of amplitude 

scaling instead of spectral matching was to reveal the inherent variabilities of the 
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earthquake records.  Therefore, it is anticipated that the computed seismic responses 

corresponding to these six motions would exhibit certain variations besides some 

general trends.  Figure 3.5 also shows that the mean square frequency (fm) of these 

records (Rathje et al., 1998) ranged between 2.23 Hz and 3.89 Hz, indicating 

intermediate/low-frequency contents (Di Laora and de Sanctis, 2013).  In comparison, 

the frequency range of interest for a 3-MW OWT system is 0.16-2.07 Hz (0.5-6.7 times 

the fundamental frequency of OWT with the fundamental frequency being 0.31 Hz) 

(NRCC, 2015).  The difference in the frequency range between soils and OWT in pre-

scour conditions confirms that the scaled earthquake motions would be appropriate for 

use in the seismic analyses.   

3.7 Results and discussion 

Prior to presenting the results of scour effects on seismic responses of the OWT, 

the scour-induced changes in the free-field motions shown in Figure S3.1-Figure S3.8 

(supplementary figures) are first discussed here.  In Figure S3.1-Figure S3.8, the 

normalized free-field acceleration is a ratio of the maximum free-field acceleration to 

the peak bedrock acceleration of 0.5g.  From these figures, the maximum free-field 

acceleration decreased as the soil depth decreased.  The attenuation of acceleration at 

the shallower depth was due to smaller shear strength and modulus of soils near the 

ground surface that constrained the increase of shear stress.  This effect was found to 

be more significant in soft clays subjected to strong bedrock motions (Garala and 

Madabhushi, 2019; Idriss, 1991; D. H. Kim et al., 2014; Zhou et al., 2017).  Figure S3.9 

shows profiles of the mean normalized accelerations obtained at different scour depths, 

indicating that scour did not significantly affect the propagation of seismic waves in 

comparison with the pre-scour condition.  In other words, scour effects on variations of 

free-field motions were similar under different scoured levels.   

Subsequently, the post-scour seismic responses of the OWT system, including the 

lateral displacement, lateral acceleration, and bending moment under different scour-

hole dimensions are presented in a normalized form with respect to the respective pre-

scour seismic responses using the following three steps: 

(1) Determine maximum time-domain responses at different locations of the structure 

(e.g., Figure 3.6) and plot them as the response envelopes (e.g., Figure 3.7).  

(2) Determine the maximum responses of the monopile at the seabed level, the 
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cantilever and embedded parts of the pile, the tops of the tower and monopile from 

the response envelopes.   

(3) Determine the normalized responses by dividing the maximum post-scour response 

by the corresponding pre-scour value, and thus a normalized response greater than 

one represents an amplification effect due to scour and vice versa.   

To demonstrate the foregoing steps, the results from the 1989 Loma Prieta 

earthquake are presented and discussed as representative results of the six crustal 

earthquakes.  For the convenience of discussions, the post-scour case with Swb=∞ or 

S=0° is referred to as the simplified scour condition while the post-scour case with 

Swb=0 and S=30° as the standard scour condition.  Figure 3.6(a) and (b) depict the 

lateral displacement time histories at the tower top and monopile top under the standard 

scour condition where Sdl=1.5Dop.   
 

 

 

Figure 3.6 Pre-scour and post-scour (Sdl=1.5Dop, Swb=0, S=30°) lateral 

displacements of (a) tower top and (b) monopile top 

In comparison to pre-scour cases, scouring increased the permanent (residual) 

lateral displacements by 46% and 45% at the tower top and the pile top, respectively 

but decreased the maximum lateral displacements by 26% and 20%, respectively.  

Likewise, these maximum time-domain responses before and after scour could be 
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determined for other locations of the OWT system.   

The plots of these maximum responses along length of tower and pile formed the 

response envelopes in Figure 3.7, where one pre-scour and two post-scour cases 

(simplified and standard scour conditions) were included. 

 

 

Figure 3.7 Pre-scour and post-scour (Sdl=1.5Dop) response envelopes: (a) free-

field displacement and structural (b) displacement, (c) acceleration, and (d) 

bending moment 

Figure 3.7(a) shows that the maximum free-field displacements of soils at the local 

scour bottom decreased by 11% under the simplified scour condition but slightly 

increased by 2% under the standard scour condition. Figure 3.7(b) shows the maximum 
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lateral displacements at the tower top decreased by 25% under both simplified and 

standard scour conditions. Figure 3.7(c) reveals relatively minor differences in the 

lateral acceleration envelopes above the pile head but greater differences below it.  This 

indicates that the dynamic response of tower was more affected by the inertial effect; 

however, both kinematic and inertial effects were evident on the monopile, particularly 

at the seabed level.  Besides, Figure 3.7(d) indicates the maximum bending moments 

decreased by up to 26% under both simplified and standard scour conditions.   

Based on the response envelopes, normalized maximum responses at selected 

locations are presented.  The normalized maximum responses were then plotted against 

different scour depth, scour bottom width, and scour-hole slope angle to investigate the 

effects of scour-hole dimensions.  Moreover, the normalized maximum responses 

obtained under simplified and standard scour conditions were compared to assess the 

effect of simplifying local scour as general scour.  Lastly, the cases considering and 

ignoring the changes to soil stress history were analyzed to evaluate the effect of soil 

stress history. 

3.7.1 Effects of scour-hole depth 

3.7.1.1 Variations of natural frequencies against scour depths 

As shown in Figure 3.8(a), natural frequencies of the OWT system (fn) decreased 

as Sdl increased due to a slenderer system.  Compared with the pre-scour values (i.e., 

Sdl=0), the first fore-aft bending mode of natural frequency (f1) decreased by 12%-30% 

when Sdl=1.3Dop-2.5Dop.  This amount of frequency reduction was greater than that in 

sands (6%-9% when Sdl=1.3Dop-2.5Dop) (Li et al., 2018; Prendergast et al., 2015; Tseng 

et al., 2018), indicating that the increase of Sdl in soft clays is more likely to shift f1 into 

the range of the rotor frequency of the turbine (f1P), causing resonance.  In this study, 

post-scour f1 values (0.25-0.20 Hz) fell into the typical f1P range of 0.14-0.30 Hz 

(Bhattacharya et al., 2011) when Sdl=0.5Dop-3.0Dop.   

Figure 3.8(b) shows fn normalized to the site characteristic frequency (0.73-0.75 

Hz when Sdl increased from 0 to 3.0Dop) (Kramer, 1996).  The normalized frequencies 

of the second and third bending modes tended to approach one as Sdl increased, while 

f1 shifted away from the site characteristic frequency.  This result confirms that the 

higher-mode contribution should be considered in the total dynamic responses for 
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slender structures (Chopra, 2011; De Risi et al., 2018; Yang et al., 2019a).   

 

 

Figure 3.8  (a) Natural frequencies and (b) normalized natural frequencies under 

various local scour depths 

 

3.7.1.2. Variations of maximum responses against scour depths 

Figure 3.9 shows the normalized maximum lateral accelerations of the monopile at 

the post-scour seabed level and that of the tower under various scour depths.  The 

maximum acceleration of the tower showed a smaller dispersion than those of the 

monopile at the post-scour seabed because the former was mainly affected by the 

inertial effect although under different kinematic inputs, as indicated by Figure 3.7.  In 

Figure 3.9(a), the maximum acceleration of the monopile at the seabed on average 

increased by up to 14% as Sdl increased to 1.5Dop, followed by a gradual decrease by 

up to 16% as Sdl reached 3.0Dop.  The peak amplification generally occurred at 

Sdl=1.0Dop-1.5Dop with a maximum increase of 67%, which might be due to the 

contribution of the higher modes as previously discussed with Figure 3.8(b).  Contrarily, 

the maximum acceleration of the tower (occurred at the tower top) in general 

monotonically decreased with the increased Sdl as shown in Figure 3.9(b).   

Figure 3.10 (a) and (b) show the normalized maximum lateral displacements of the 

monopile and tower, which were found to occur at the pile top and tower top, 

respectively.  The maximum pile-top displacement on average decreased by 42% when 

Sdl increased to 3.0Dop, although that from the Chi-Chi earthquake exhibited a slight 

amplification when Sdl=2.0Dop, which might be attributed to greater significant duration 

of the Chi-Chi earthquake motion.  Likewise, as shown in Figure 3.10(b), increasing 
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scour depth generally decreased the maximum tower-top displacement by 15%-33% 

when Sdl=1.3Dop-2.5Dop.  In all, the maximum displacement after scour was lower than 

that before scour, showing a beneficial effect of scour on the tower lateral displacement 

under seismic loading.   

 

 

Figure 3.9 Normalized maximum lateral accelerations of (a) monopile at post-

scour seabed level and (b) tower under various local scour depths 

 

 

Figure 3.10 Normalized maximum lateral displacements of (a) monopile and (b) 

tower under various local scour depths 
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The normalized maximum bending moments of the monopile below and above the 

post-scour seabed were plotted in Figure 3.11(a) and (b), respectively.  The former 

decreased almost linearly with 𝑆dl and the decrease was up to 51% when Sdl increased 

from 0 to 3.0Dop.  This result also demonstrates a beneficial scour effect on the decrease 

in the maximum bending moment of the embedded monopile.  Likewise, the maximum 

bending moment of the cantilever part of monopile generally decreased by 17%-38% 

when Sdl=1.3Dop-2.5Dop.  Based on the results from Figure 3.9 to Figure 3.11, 

application of an overestimated 𝑆dl value (which often occurs in design practice) in the 

OWT design against scour could cause unconservative estimates of the seismic demand.  

Similar results were also observed by Ghosn et al. (2003) in their study of a pile-

supported bridge.   

 

 

Figure 3.11 Normalized maximum bending moments of (a) the embedded part 

and (b) the cantilever part of the monopile under various local scour depths 

3.7.2 Effects of scour-hole slope angle 

To evaluate effects of scour-hole slope angle, a range of S=10°-60° was considered, 

which covered a typical range of S observed in the field (Butch, 1996) and used in 

practice (Arneson et al., 2012; Whitehouse, 1998).  The effects of scour-hole slope 

angle on the normalized maximum responses were found to be minor when S=10°-60°.  

Therefore, only two representative results including the maximum lateral displacement 

of the tower and the maximum bending moment of the monopile under different S are 
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discussed herein.  As shown in Figure 3.12(a), the maximum tower displacement 

decreased by 11% as S decreased from 60° to 10°.  It indicates that an enlarged scour 

hole could decrease the maximum tower-top displacement.   
 

 

Figure 3.12 Effects of scour-hole slope angle on normalized maximum responses: 

(a) tower lateral displacement and (b) monopile bending moment 

Likewise, Figure 3.12(b) shows that the maximum pile bending moment averagely 

decreased by 12% when S decreased from 60° to 10°.  The above results indicate that 

the use of an underestimated S value in the dynamic analysis could underestimate the 

seismic demand.  Overall, the effects of scour-hole slope angle on the seismic responses 

of OWT were relatively small and the relationship was in general linear.  The results 

obtained at S=30° deviated less than 7% from the results obtained from the range of 

S=10°-60°.  Therefore, from this perspective, it would be reasonable to adopt S=30° 

for a design purpose.   

3.7.3 Effects of scour-hole bottom width 

In general, effects of scour-hole bottom width on the maximum tower displacement 

and pile bending moment were less noticeable than those of the scour-hole slope angle.  

Two representative results including the maximum lateral displacement of the tower 

and the maximum bending moment of the monopile when Swb=0-3.0Dop are discussed.  

The upper bound of Swb=3.0Dop was used as a larger value showed no effect on the pile 
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lateral responses under static loads (Lin et al., 2016).  Figure 3.13(a) and (b) show the 

normalized maximum displacement of the tower and the normalized maximum bending 

moment of the monopile under different Swb.   
 

 

Figure 3.13 Effects of scour-hole bottom width on normalized maximum 

responses: (a) tower lateral displacement; (b) monopile bending moment 

In general, the threshold value of Swb was found to be 1.5Dop under the seismic 

excitations, above which the normalized maximum responses exhibited minor changes.  

This value is smaller than that (Swb=3.0Dop) obtained at the static loads (Lin et al., 2016).  

In Figure 3.13(a), the maximum tower displacement generally decreased by 8% when 

Swb increased from zero to 3.0Dop, indicating that the increase in Swb reduced the 

maximum tower displacement occurring at the tower top.  Furthermore, as shown in 

Figure 3.13(b), the maximum pile bending moment decreased by 7% when Swb 

increased from zero to 3.0Dop.  Overall, since the changes in Swb had a trivial effect on 

the seismic responses, it would be appropriate to choose Swb=0 for a seismic analysis, 

as it is used in design practice. 

3.7.4 Effects of simplifying local scour as general scour 

Effects of simplifying local scour as general scour were evaluated by comparing 

the results between simplified scour condition (i.e., S=0° or Swb=∞) and standard scour 

condition (i.e., S=30° and Swb=0).  As mentioned previously, the simplified scour 
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condition corresponds to simplifying a local scour as a general scour.  Scour depth 

including Sdg=0.1Sdl and Sdl=0-3.0Dop was used.  To quantify the effects, ratios of 

responses obtained from the simplified scour condition to those from the standard scour 

condition were used.  Therefore, a ratio greater than one represents an overestimate by 

using the simplified scour condition and vice versa.  

3.7.4.1 Effects on natural frequencies 

Figure 3.14 shows the normalized natural frequencies under various scour depths.  

Overall, the simplified condition caused small effects on the natural frequencies.  

Compared with the standard scour condition, simplified scour condition led to 

underestimation of f1, f2, and f3 by 8%, 5%, an 7%, respectively when Sdl increased to 

3.0Dop.  

 

 

Figure 3.14 Effects of simplified scour condition on normalized natural 

frequencies (simplified vs. standard scour condition) 

3.7.4.2 Effects on the maximum responses 

Figure 3.15(a) exhibits ratios of the maximum tower accelerations between the 

simplified and standard scour conditions, where the solid line represents the mean trend.  

It depicts that as 𝑆dl increased, the normalized acceleration in general increased while 

the results were more dispersed.  Simplified scour condition resulted in negligible 

differences in the maximum tower acceleration as compared with the standard scour 
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condition when Sdl≤1.0Dop but the difference became more evident when Sdl≥1.3Dop.  

Overall, simplifying local scour as general scour overestimated the maximum tower 

acceleration by up to 15%. Figure 3.15(b) shows the negligible effect on the maximum 

bending moment resulting from the simplified scour condition, with slight 

overestimation by 3%-8% when Sdl=0.5Dop-1.3Dop.  The variation of data in each box 

essentially resulted from the inherent variations of the ground motions (e.g., frequency 

contents, durations, etc.), and this dispersion generally became more significant (i.e., 

larger interquartile range) as Sdl increased.   
 

 

Figure 3.15 Effects of simplified scour condition on normalized maximum 

responses (simplified vs. standard scour condition): (a) tower lateral acceleration 

and (b) monopile bending moment 

3.7.5 Effects of soil stress history  

In Sections 3.7.1-3.7.4, the effects of scour-hole dimensions and simplified scour 

condition were examined, in which soil stress history was considered.  To quantify the 

effect of soil stress history, scour-induced soil stress history was intentionally ignored 

in this section so that the results obtained by considering and ignoring the soil stress 

history could be compared.  Ignoring the stress-history changes was evaluated using 

the pre-scour parameters in Table 3.2, which involved no OCR.  A ratio of calculated 

results between ignoring and considering soil stress history was defined and the ratio 

greater than one means an overestimate by ignoring soil stress history and vice versa.   
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3.7.5.1 Effects on natural frequencies  

Ignoring soil stress history overestimated f1 by 4%-8% while f2 and f3 by 

approximately 2% when Sdl=1.3Dop-2.5Dop.  This indicates that the effect of soil stress 

history was more evident on the lower-mode natural frequency than on the higher-mode 

natural frequency, although this effect was small in general.   

3.7.5.2 Effects on the maximum responses  

Figure 3.16(a) and (b) respectively show the normalized maximum pile-top 

displacement and maximum bending moment of the embedded part of the monopile 

under various Sdl.  A higher normalized value indicates a more appreciable effect of 

ignoring soil stress history on the monopile responses.  The mean trend of the 

normalized values indicates that ignoring soil stress history overestimated the 

maximum pile-top displacement by 7%-16% when Sdl=1.5Dop-3.0Dop.   

 

 

Figure 3.16 Effects of soil stress history on normalized maximum responses 

(ignoring vs. considering stress history): (a) lateral displacement of monopile top 

and (b) bending moment of embedded monopile 

Similarly, ignoring soil stress history averagely overestimated the maximum 

bending moment of the embedded monopile by 8%-19% when Sdl=1.5Dop-3.0Dop.  

These results are different from those obtained under static loads.  It is reported that 

under static loads, lateral pile-head displacement and the maximum bending moment 

of monopile were underestimated by up to 49% and 7%, respectively when the soil 

stress history was ignored (He et al., 2019; Lin et al., 2014b).   
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3.8 Conclusions 

This study proposed a new method to incorporate the scour-hole dimensions and 

scour-induced changes in soil stress history into the framework of dynamic soil-

structure interactions.  The proposed processes were encoded into a set of open-source 

scripts to analyze the post-scour seismic responses of the monopile-supported OWTs in 

soft clays.  A total of 198 parametric analyses for an OWT system were performed by 

varying scour-hole dimensions and soil stress-history effects under six crustal 

earthquake motions.  The following conclusions were obtained from this study:   

(1) The natural frequencies and seismic responses of the soil-monopile-tower-RNA 

system (i.e., OWT system) were primarily affected by the scour depth and 

secondarily by the scour-hole slope angle and bottom width.  The first-mode 

fundamental frequency (f1) of the OWT system could descend to the turbine rotor 

frequency range (f1P), causing resonance when the local scour depth (Sdl) was 

0.5Dop-3.0Dop and the corresponding embedded length of the monopile was 

5.45Dop-8.20Dop.  Higher modes of fundamental frequencies (f2 and f3) should also 

be evaluated in the OWT design against scour due to the increasing slenderness of 

the OWT system. 

(2) Increase in scour depth caused consistent decrease in the maximum bending 

moment of the monopile above and below the seabed.  Use of an overestimated 

scour depth (i.e., Sdl≥1.5Dop) in the OWT design against scour caused 

unconservative design, as it underestimated the maximum lateral acceleration and 

displacement of the tower, and the maximum lateral displacement and bending 

moment of the monopile. 

(3) Standard scour condition (S=30° and Swb=0) was found to be appropriate for use 

in seismic design analyses.  Nevertheless, simplified scour condition (i.e., Swb=∞ 

or S=0°) underestimated the fundamental frequency of the OWT system but in 

general overestimated the maximum lateral acceleration of the tower and the 

maximum bending moment of the pile.   

(4) Ignoring the scour-induced change in the soil stress history overestimated the 

fundamental frequency of the OWT system, the maximum lateral displacement of 

the pile top, and the maximum bending moment of the pile below the post-scour 

seabed.  
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3.9 Notation 

𝑐𝑖
p
 = damping coefficient of the pile at node 𝑖  

𝑐𝑖
s = damping coefficient of soil at node 𝑖  

Cs = swell index of soil 

Cc = compression index of soil 

cu = undrained shear strength of soil  

cu,sc = post-scour undrained shear strength of soil  

ch,sc = post-scour horizontal radiation damping coefficient  

cv,sc = post-scour vertical radiation damping coefficient  

Dop = outside diameter of monopile  

e = void ratio of soil 

ex = distance between the centroids of rotor and nacelle, taken as 3 m in this study 

ey = distance between rotor centroid and tower top, taken as 2 m in this study 

Fsc = post-scour ultimate soil resistance in force units 

F0 = post-scour ultimate soil resistance force when 0 < χsc ≤ Swb 

F1 = post-scour ultimate soil resistance force when Swb < χsc ≤ Swb+ΘSdl and S < 45°  

F2 = post-scour ultimate soil resistance force when χsc > Swb+ΘSdl and S < 45° or when 

χsc > Swb and S ≥ 45° 

fm = mean square frequency of an acceleration time history 

fn = natural frequency corresponding to the nth (n=1, 2, 3) bending mode of the 

integrated soil-pile-tower-turbine system 

f1P = rotor frequency of the turbine 

f3P = blade-passing frequency of the turbine, taken as 3f1P for a three-blade turbine 

Gmax = maximum shear modulus of soil 

Gmax,sc = post-scour maximum shear modulus of soil 

Gs = specific gravity of soil solids  

g = gravitational acceleration  

ho = water depth outside monopile 

hI = water depth inside monopile 

hs = distance between the seabed and pile node of interest 

Ix, Iy, Iz= moment of inertia of three blades applied to the centroid of the RNA with 

respect to X, Y, and Z axis, respectively 

In = modified Bessel function of order n (n=0, 1, 2) of the first kind 
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𝑘𝑖
p
 = lateral stiffness of pile element at node i  

𝑘𝑖
s = lateral stiffness of soil at node i  

Kn = modified Bessel function of order n (n=0, 1, 2) of the second kind 

𝑚a
o = outside added mass per unit length of a pile 

𝑚a
I  = inside added mass per unit length of a pile 

mb = mass of a blade 

mi = lumped mass of node i  

OCR = overconsolidation ratio of soil 

OCRlimit = upper-bound value of OCR 

p = lateral soil resistance per unit length of a pile 

pult,sc = post-scour ultimate lateral soil resistance per unit length of a pile 

pa = atmospheric pressure, usually taken as 101.325 kPa 

PI = plasticity index of soil 

q = unit end bearing in stress units 

qult,sc = post-scour ultimate end bearing in stress units  

rb = length of a blade 

rip = inside radius of monopile 

Sdg = general scour depth 

Sdl = depth of local scour  

Swb = bottom width of local scour hole 

Swt = top width of local scour hole, Swt = Swb+Sdl/tanS  

S = side slope angle of local scour hole 

t = unit shaft friction in stress units  

tult,sc = post-scour ultimate shaft friction in stress units  

ui = lateral pile displacement at node i  

usi = lateral displacement of free-field soil at node i  

𝑢̇s𝑖 = lateral velocity of free-field soil at node i  

𝑢̇𝑖 = lateral pile velocity at node 𝑖  

𝑢̈𝑖 = lateral pile acceleration at node 𝑖  

𝑢̈𝑔 = lateral acceleration of bedrock motion  

y = lateral soil displacement 

z = vertical soil displacement 

m = dimensionless factor, taken as (2m-1)/2 with m being an integer ranging from 

one to infinity 
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’ = effective unit weight of soil 

𝛾sc
′  = post-scour effective unit weight of soil 

χ = pile element size 

𝜖 = a constant value hinging on the plasticity index of soil, taken as 0.31 herein 

Θ = dimensionless parameter dependent on scour-hole slope angle, Θ = tanS/(1-tanS) 

w = mass density of water 

𝜎m,sc
′  = post-scour mean principal effective stress  

𝜙′ = effective friction angle of clay under the drained condition 

χ = soil depth below pre-scour seabed 

χsc = soil depth below the local scour bottom 

χeq= equivalent soil depth to consider local scour hole  
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Chapter 4 Scour Effects on Lateral Responses 

of Pile Groups in Sands 

4.1 Abstract 

For pile-supported structures, scour is a major threat as it removes soils around 

foundations and causes structural damages.  Scour effects on the performance of the 

pile foundation have been well studied.  However, most of these studies are focused on 

lateral responses of single piles, while very limited research is focused on lateral 

responses of pile groups.  Therefore, prevailing design standards only recommend scour 

design procedures for single piles.  Here, we proposed an improved analytical method 

(IAM) to analyze laterally loaded pile groups considering various scour-hole 

dimensions.  The IAM was validated against the results of 3D finite element (FE) 

models calibrated against a full-scale load test.  A series of parametric analyses were 

conducted to investigate the effects of scour-hole depth, scour-hole slope angle, sand 

relative density, pile spacing, number of piles, and pile group configuration on both 

post-scour vertical effective stresses and lateral responses of pile groups.  Based on the 

IAM, a simple practical approach called the influence depth method (IDM) was also 

developed for use in routine design.  The feasibility of applying the standard methods 

for the scoured pile groups was evaluated by comparing them with the 3D FE analyses 

and the proposed methods (IAM and IDM).   

4.2 Introduction  

Scour is a process of soil removal caused by waves, currents, and ship propeller 

jets, etc. (Chin et al., 1996; Whitehouse, 1998), which decreases the soil resistance to 

the foundation.  It is a major cause for intolerable stresses in offshore structures (Watson, 

1974) and bridge collapse worldwide (Briaud, 2015; Coleman and Melville, 2001; 

Liang et al., 2017; Mueller and Wagner, 2005; Zhang et al., 2015).  Scour includes 

general scour that causes a uniform decrease in mudline elevation across a riverbed or 

a seabed and local scour that causes a localized decrease in mudline elevation, primarily 

located at piles.  For a pile group, local scour can be further classified into global scour 

(shallow wide depression across the pile group) and localized pit (steep-sided pits 
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located at individual piles).  In the past decades, the mechanisms and characteristics of 

scour at pile groups in different flow conditions have been extensively investigated by 

flume tests (Amini et al., 2012; Ataie-Ashtiani and Beheshti, 2006; Ji et al., 2018; Lança 

et al., 2013; Liang et al., 2017; L. Ma et al., 2018; Ni et al., 2021; Sheppard, 2003; 

Solaimani et al., 2017; Sumer et al., 2005; Sumer and Fredsøe, 1998; Wang et al., 2016; 

Yagci et al., 2017; Yifan Yang et al., 2020; Yilin Yang et al., 2020) and field surveys 

(Bayram and Larson, 2000; Palmer, 1969; Sun et al., 2007).  Moreover, numerical 

simulations based on computational fluid dynamics are adopted to investigate complex 

flow structures in different pile groups (Hamidi and Siadatmousavi, 2018; H. S. Kim et 

al., 2014; Liang et al., 2019; C. Wang et al., 2017; Q. Zhang et al., 2017).  As indicated 

by these studies, scour at a pile group is rather complicated compared to that at a single 

isolated pile due to hydraulic group effects, and a greater detailed review of the scour-

hole characteristics of pile group is presented in Section 4.3.   

Currently, there is no generally accepted practical approach for determining pile 

vertical or lateral capacity under local scour conditions, probably due to uncertainty in 

characterizing sizes and shapes of scour holes at piles or pile groups, and lack of 

considering scour-induced changes in soil stress history (Lin and Wu, 2019).  In design 

practices, estimation of vertical effective stress of soils around piles is required before 

calculation of pile capacities.  However, the prevailing standards such as American 

Petroleum Institute (API, 2011), U.S. Federal Highway Administration-Drilled Shaft 

(FWHA-DS) (Brown et al., 2010) and Driven Pile (FHWA-DP) (Patrick et al., 2016) 

specify inconsistent approaches to computing the vertical effective stress under local-

scour conditions, termed as post-scour vertical effective stress.  The different 

calculations of post-scour vertical effective stress would lead to a discrepancy of the 

calculated pile axial or lateral capacity and thus confuse practicing engineers when 

designing pile foundations against scour damage.  To improve the standard methods, 

both closed-form solutions derived from Boussinesq’s solution (Lin and Jiang, 2019; 

Lin and Wu, 2019) and numerical solution using Mindlin’s solution (H. Zhang et al., 

2017) are developed to estimate the post-scour vertical effective stress, which are 

further used to calculate the axial or lateral capacity of scoured single piles.  The 

drawbacks of these solutions and standard methods (API, FWHA-DS, and FHWA-DP) 

are that they are recommended only for single piles.  However, piles are commonly 

installed in groups rather than single piles, and scour effects are more severe in pile 

groups than single piles as a result of the double group effect (Lin and Lin, 2020): 
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geotechnical group effect that reduces the pile capacity of individual piles in a group as 

compared with the single isolated piles and hydraulic group effect that intensifies the 

flow in a pile group as compared with a single isolated pile.  Despite its importance, 

research concerning the capacities of scoured pile groups is highly scarce.  For example, 

as of this writing, there are only one experimental study and two numerical studies 

reported on the investigation into the local scour effects on the behavior of pile groups.  

Liang et al. (2020) investigated the seismic responses of the pile group using centrifuge 

tests, in which only two scour-hole dimensions and one pile group configuration were 

examined and no static loading was concerned.  Lin and Lin (2020) and H. Ma et al. 

(2018) employed 3D continuum finite element method (FEM) to investigate laterally 

loaded pile groups under local-scour conditions, which enabled evaluating a wider 

range of scour-hole dimensions and pile group configurations than model tests.   

In practice, none of 3D FEM, centrifuge test, or shake table test is widely used in 

routine design and analysis.  Therefore, it necessitates efforts to develop a simple and 

practical method for evaluating post-scour vertical effective stress and behavior of a 

pile group under local-scour conditions.  Lin and Lin (2020) initiate such an effort by 

extending the solution for a scoured single pile (Lin and Wu, 2019) to that for a scoured 

pile group; however, this method involves several simplifications such as assuming a 

square pile group, assuming equal soil vertical effective stresses between individual 

piles in a group, and ignoring the effect of soil-pile interface friction on the change in 

post-scour vertical effective stress.  These assumptions lead to an unnecessarily 

conservative estimate of the lateral capacity of the pile group and an incorrect prediction 

of the pile group response to scour-hole slope angle. 

The objectives of this study are threefold.  Firstly, we proposed a rigorous 

analytical solution for calculating post-scour vertical effective stresses for pile groups, 

which overcomes the limitations of Lin and Lin (2020) that is simply extended from 

the solution for scoured single piles.  The proposed solution for post-scour vertical 

effective stress was further integrated into the existing p-y curve framework to form a 

new method for the lateral behavior of pile groups under local-scour conditions.  This 

proposed process is called the improved analytical method (IAM).  A MATLAB 

program (attached as a supplementary file) was developed to implement the proposed 

IAM.  It was validated against 3D FE analyses whose baseline model (i.e., unscoured 

condition) was calibrated against a full-scale load test reported in the literature.  With 

the IAM, 288 parametric analyses were performed to elucidate the effects of scour-hole 
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depth, scour-hole slope angle, soil relative density, pile spacing, number of piles, and 

pile group configuration on lateral responses of pile groups.  The second objective of 

this study was to assess the suitability for applying the standard methods to analyze the 

laterally loaded pile groups under local-scour conditions.  Note that although the 

standard methods are developed only for scoured single piles, they may be mistakenly 

used for scoured pile groups as no corresponding specifications are available for 

scoured pile groups.  Lastly, drawing on the IAM, we proposed a simple and practical 

approach, called the influence depth method (IDM) for practicing engineers to analyze 

laterally loaded pile groups under local-scour conditions. 

This paper starts with a synthesis of an extensive literature review on the 

characteristics of the scour hole at the pile group and the existing methods for analyzing 

the post-scour vertical effective stresses and lateral responses of group piles, followed 

by the development and validation of the proposed methods (IAM and IDM).  After 

that, the results of parametric analyses are presented, in which the standard methods are 

critically assessed, and some design-related issues are discussed.   

4.3 Review of scour-hole dimensions at a pile group  

In contrast to scour at a single isolated pile, scour at a pile group is influenced by 

pile group conditions and hydraulic conditions.  The hydraulic mechanism involves not 

only downflow, horseshoe vortices, and wake vortices that are common to the single 

isolated pile, but also the hydraulic group effect that is unique to the pile group.  In 

general, the hydraulic group effect includes reinforcement, sheltering, shed vortices, 

and jetting effects (Hannah, 1978; Hosseini and Amini, 2015) that are dependent on the 

flow skew angle, f, center-to-center pile spacing, s, and pile group configuration (m×n, 

where m and n are the numbers of piles in-line with and normal to the lateral load 

direction, respectively).  Most of the past studies focused on scour characteristics 

considering different pile group configurations (e.g., square, rectangular, and circular 

shapes) with various pile numbers and pile spacings (Amini et al., 2012; Ataie-Ashtiani 

and Beheshti, 2006; Bayram and Larson, 2000; Ji et al., 2018; Lança et al., 2013; Liang 

et al., 2017; Ni et al., 2021; Sheppard, 2003; Solaimani et al., 2017; Sumer et al., 2005; 

Sumer and Fredsøe, 1998; Wang et al., 2016; Yagci et al., 2017; Yifan Yang et al., 2020; 

Yilin Yang et al., 2020).  Thereinto, the effects of hydraulic conditions including Froude 

number (Yilin Yang et al., 2020), Keulegan-Carpenter number (Sumer and Fredsøe, 
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1998; Yifan Yang et al., 2020), and flow direction (Lança et al., 2013; L. Ma et al., 2018; 

Sheppard, 2003; Sun et al., 2007; Yifan Yang et al., 2020) were also examined.  Besides, 

Sumer et al. (2007) investigated the effect of relative density of soil on the time scale 

and depth of scour.  Overall, under the given flow condition scour pattern is highly 

governed by pile spacing according to these flume tests and field surveys.  For example, 

Amini et al. (2012) presented four photographs to exhibit the shapes of local scour at 

pile groups (m×n=5×3) with different spacings (s/D=1, 2, 3.5, and 5).  As summarized 

in Table 4.1, the scouring process at a pile group behaves like that at a single isolated 

pile when s=1D-1.15D (D = pile diameter) due to the negligible flow-pile interaction 

in the zero or narrow pile spacing.   

Table 4.1 Effects of pile spacing on types of local scour at pile groups 

Type Reference Flow condition Lower-

bound 

pile 

spacing1 

Critical 

pile 

spacing2 

Upper-

bound 

pile 

spacing3 

Field 

survey 

Bayram and Larson (2000) Wave 

dominated 

N/A 5.5 N/A 

Flume 

test 

Solaimani et al. (2017) Clear-water 

steady current 

N/A 3 N/A 

Wang et al. (2016) 1 N/A 12 

Lança et al. (2013) Clear-water 

steady current 

Live-bed wave 

1 3-4.5 6 

Amini et al. (2012) 1 3.5 N/A 

Ataie-Ashtiani and 

Beheshti (2006) 

1.15 3.5 5 

Sumer and Fredsøe (1998) 1 2-4 N/A 

Note:  1pile spacing below which pile-group scour forms like a scour at an integrated single pile; 2critical 
pile spacing below which pile-group scour is governed by a single global scour hole; 3pile spacing above 
which there is no interaction between scouring at each pile. 
 

Once s>1.15D, the flow-pile interaction starts to develop but decreases as 𝑠 

increases, and there is a critical pile spacing (approximately 2D-5.5D) below which 

only global scour is formed around the pile group without localized pits at individual 

piles.  This is due to the strong interference of scouring at individual piles that wipes 

out the soils between the piles.  However, when 𝑠 is greater than the critical pile spacing, 

the localized pits at individual piles emerge as the waning interference of scouring 

between individual piles.  When 𝑠  exceeds the upper-bound pile spacing (5D-12D), 

scour interference ceases while the localized pits dominate the local scour at the pile 

group, i.e., the hydraulic group effect vanishes.  The different result of critical pile 

spacing is mainly resulted from different flow conditions examined in these flume tests 

(Yilin Yang et al., 2020).  It is worthwhile to mention that the flume tests may 

underestimate the critical pile spacing compared with the field observations, probably 



 

Page 85 of 198 

due to the reduced scale and artificial flow used in the flume tests (Bayram and Larson, 

2000; Palmer, 1969; Sun et al., 2007).   

 

 

Figure 4.1 (a) Scour hole around a pile group and (b) proposed model for 

deriving post-scour effective vertical stresses around piles 

In practice, pile groups are commonly constructed with s= 2.5D-5D (ASSHTO, 

2012; Bowles, 1997); therefore, the local scour around a pile group can be reasonably 

represented by a large global scour hole, while the localized pits at individual piles can 

be neglected (or incorporated into the global scour hole) as indicated by the field 

surveys (Bayram and Larson, 2000; Palmer, 1969; Sun et al., 2007; Watson, 1974).  

According to Amini et al. (2014, 2012), the global-scour hole was found to be an 

inverted truncated pyramid with a rounded-quadrilateral cross section as illustrated in 

Figure 4.1.   

The scour depth for a pile group is often normalized by an effective group diameter, 

De, so that the comparison between scour at a single pile and a pile group is possible, 

i.e., Sgd/De is comparable to Ssd/D.  According to Sheppard (2003), De is the diameter 

of an equivalent single pile that can develop the same scour depth as the pile group 
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under the same flow and sediment conditions.  It varies with the number of piles and 

pile spacing.  For more details regarding De, readers should refer to Sheppard (2003).  

To advance the understanding of typical ranges of scour-hole dimensions for pile groups, 

an extensive literature review was conducted.  The database of 120 samples of 

measurements (supplementary Table S4.1) is established based on field surveys or 

flume tests.  A condensed version of the database is presented in Table 4.2.   

Table 4.2 Measured dimensions of scour holes around pile groups in sands from 

literature 

Type Reference Flow 

condition 
f 

(°) 

Pile group 

(m×n) 

s 

(×D) 

De 

(×D) 

Sgd 

(×D) 

Sgd 

(×De) 

Swt 

(×D) 
S 

(°) 

Field 

survey 

Sun et al., 

(2007) 

Wave and 

current 

N/A 2×2 N/A N/A 1.7-

1.9 

N/A 7.5-

10.9 

12-

15 

Bayram 

and 

Larson, 

(2000) 

Oscillatory 

wave 

<10 2×2 

(rhombus 

shape) 

4.5 1.3 1-

3.5 

0.8-

2.6 

3.8-

11.3 

5-

15 

Flume 

test 

L. Ma et 

al. (2018) 

Live-bed 

steady 

current 

0 49 piles 

(dumbbell 

shape) 

2.4 N/A 3.6 N/A N/A N/A 

Live-bed 

tidal 

current 

2.4-

2.9 

Liang et 

al. (2017) 

Clear-

water 

steady 

current 

0 1×2 4 1.2 1.1 0.9 N/A N/A 

2×1 4 1.1 0.9 1.0 

3×3 2 1.8 1.2 0.6 

Amini et 

al. (2014) 

Clear-

water 

steady 

current 

0 2×2 2 1.6 2.1 1.3 N/A N/A 

4×2 2 1.8 2.6 1.4 

4×2 2.5 1.8 2.3 1.3 

Lança et 

al. (2013) 

Clear-

water 

steady 

current 

15 4×2 3 2.5 3.7 1.5 N/A N/A 

30 2.4 5.6 2.3 

15 4×3 3.1 4.2 1.4 

30 3.5 5.6 1.6 

Sumer et 

al. (2005) 

Live-bed 

steady 

current 

0 1×2 5 1.8 1.5 1.3 N/A N/A 

2×2 1.3 1.2 0.9 

3×3 1.6 1.8 1.1 

5×5 2.3 2.1 0.9 

Zhao and 

Sheppard 

(1998) 

Steady 

current 

0 8×3 3 2.6 2.1 0.8 N/A N/A 

 

Overall, scour-hole slope angle for offshore pile groups is in a range of S=5°-15° 

(Bayram and Larson, 2000; Sun et al., 2007), which is similar to the observed range of 

S<15°for bridge piers (Butch, 1996).  Surprisingly, these values are much smaller than 

the typical values (26.6°and 30°) used for scour at bridges (Arneson et al., 2012) and 

marine structures (Whitehouse, 1998).  The scour depth for pile groups is mainly in the 

range of Sgd/De=1.2-2.0 (Figure 4.2), which is comparable to that for single piles, i.e., 



 

Page 87 of 198 

Ssd/D=1.3-2.5 (API, 2011; DNV, 2014; GL, 2012). 

 

 

Figure 4.2 Measured maximum depths of scour holes around pile groups 

4.4 Existing approaches for post-scour vertical effective stress  

The post-scour lateral responses of pile groups can be practically evaluated by 

incorporating the post-scour vertical effective stress into the p-y curve framework.  

Although the standard methods (API, FHWA-DS, and FHWA-DP) are only applicable 

to single piles, they may be mistakenly used to analyze post-scour pile groups.  This 

section gives a summary of the standard methods and the method of Lin and Lin (2020) 

regarding the estimation of post-scour vertical effective stress, while the integration of 

the post-scour vertical effective stress, 𝜎𝑧,sc
′  , to the p-y curves for pile groups are 

presented later.   

The standard methods specify different procedures to estimate 𝜎𝑧,sc
′  for single piles.  

Both API and FHWA-DS acknowledge the decrease in vertical effective stress by local 

scour, but the decrease is only limited to a certain depth below the post-scour ground 

surface, which is called the influence depth, zi, below which 𝜎𝑧,sc
′  is equal to the pre-

scour vertical effective stress, 𝜎𝑧,int
′ , and above which 𝜎𝑧,sc

′  is linearly increased from 

the post-scour ground surface, as illustrated in Figure 4.3(a) and mathematically 

expressed in Eq.(4-1).   
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Figure 4.3 (a) Scour-hole model of the standard methods and (b) equivalent 

scour-hole model of Lin and Lin (2020) 

For API, the influence depth is three times the local-scour depth below the post-

scour ground surface (zi=3Ssd), while 𝑧I recommended by FHWA-DS is only half that 

suggested by API (zi=1.5Ssd).  However, FHWA-DP neglects the loss of vertical 

effective stress by local scour; therefore, zi=0 and the depth distribution of 𝜎𝑧,sc
′   is 

identical to that of 𝜎𝑧,int
′ . 

 

𝜎𝑧,sc
′ = {

 𝛾′𝑧(1 + 𝑆sd/𝑧i) for   𝑧 < 𝑧i
𝛾′(𝑆sd + 𝑧)       for   𝑧 ≥ 𝑧I

     (4-1) 

 

Eq. (4-1) can also be presented in a normalized way using vertical stress ratio: 

 

𝜎𝑧,sc
′

𝜎𝑧,int
′ = {

𝑧(𝑆sd+𝑧i)

𝑧i(𝑆sd+𝑧)
for   𝑧 < 𝑧i

1.0       for   𝑧 ≥ 𝑧I
       (4-2) 

 

In Eqs. (4-1) and (4-2), Ssd is substituted with Sgd when they are used for scoured 

pile groups. 

To extend the solution for 𝜎𝑧,sc
′   for single piles (Lin and Wu, 2019) to that for 



 

Page 89 of 198 

square pile groups, Lin and Lin (2020) suggest an equivalent scour-hole model [an 

inverted truncated cone in Figure 4.3(b)], which has the same bottom area, Ab, and 

scour-hole slope angle, S, as the scour hole at the pile group (an inverted rounded-

truncated pyramid).  The vertical effective stress for the pile in the center of the 

equivalent scour hole is calculated by Eq. (4-3) and used as 𝜎𝑧,sc
′  for all piles in the 

group.   

 

𝜎𝑧,sc
′ = 𝛾′𝑧 [1 + (

𝑆gd/ tan𝑆𝜃+𝑆wc

√(𝑆gd/ tan 𝑆𝜃+𝑆wc)
2
+𝑧2

−
𝑆wc

√𝑆wc
2 +𝑧2

) tan 𝑆𝜃]  (4-3) 

 

where ’ is the effective unit weight of soil; z is the depth below the post-scour 

ground surface; Swc is the distance from the scour-bottom perimeter to the center pile, 

Swc=(Ab/)0.5-0.5D.   

As mentioned in the introduction section, Lin and Lin’s method involves several 

simplifications, which may limit its application and cause unnecessary conservatism.  

Firstly, it assumes a pile group to be square, which is not always true in practice since 

the pile group can be rectangular when supporting jetty pier structures and bridges.  

Secondly, it assumes equal 𝜎𝑧,sc
′   around individual piles within a group, leading to 

underestimated 𝜎𝑧,sc
′  at individual piles except the center pile, particularly for a large-

scale pile group because when Swc>3D the local-scour effect is equivalent to a general-

scour effect (Lin and Lin, 2020).  This also leads to no difference in active or passive 

earth pressure between the back row and the leading row, and thus incorrect responses 

of the lateral capacity of pile group to the change in S (Lin and Lin, 2020).  Lastly, it 

neglects the soil-pile interface friction (Lin and Jiang, 2019) that can effectively retain 

the soil effective stress at the piles and prevent the scour-induced loss in 𝜎𝑧,sc
′  .  

Therefore, it necessitates the development of a rigorous approach to overcoming the 

foregoing limitations.   

4.5 Proposed methods 

To appropriately analyze laterally loaded pile groups under local-scour conditions, 

an improved analytical method (IAM) is proposed.  Based on the results of IAM, a 

practical approach called the influence depth method (IDM) is developed.  The two 

methods are implemented in MATLAB, allowing for analyzing post-scour vertical 
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effective stresses and lateral responses of pile groups. 

4.5.1 Post-scour vertical effective stresses around piles 

As discussed in Section 4.3, a scour hole at a pile group can be featured by a 

frustum with a rounded-rectangle cross section (Amini et al., 2014, 2012) as shown in 

Figure 4.1(a).  It is also possible that a more complicated scour-hole shape featuring 

uneven scour bottom and unequal slope angles can exist in large pile groups involving 

great pile spacings and/or pile numbers (Liang et al., 2017; Sumer et al., 2005; Yilin 

Yang et al., 2020).  However, as will be discussed later, for most scour cases considered 

in this study, this simplified uniform scour-hole shape is considered to be proper, and 

the effect of the simplification is quantified through a comparative study in Section 

4.5.3.  In the proposed IAM, the scour-hole shape is slightly modified by substituting 

the rounded edges with the sharp edges for mathematical convenience [note that this 

simplified scour hole with sharp edges is also adopted by the centrifuge tests 

(Kariyawasam et al., 2020)] while both frustums sharing the same bottom area of the 

scour hole, Ab=LbWb, and scour-hole slope angle, S.  Thereinto, Lb and Wb are the length 

and width of the scour-hole bottom, respectively.  Both frustums also share the same 

length-to-width ratio (Lb/Wb).  A Cartesian coordinate system is established to define 

the scour-hole dimensions, with its origin being placed on the upper-left corner of the 

scour-hole bottom and y and z axes pointing to the lateral loading and downward 

direction, respectively in Figure 4.1(a).  The post-scour vertical effective stress is 

calculated by superposition of two components of vertical effective stresses resulting 

from soil overburden below and above the post-scour ground surface: i.e., 𝜎𝑧,sc
′ = 𝜎𝑧

′ +

Δ𝜎𝑧
′.  The former is easily calculated using 𝜎𝑧

′ = 𝛾′𝑧; the latter, Δ𝜎𝑧
′, called additional 

vertical effective stress, is determined by a series of soil columns [Figure 4.1(b)], which 

have a width of ∆x=∆y=0.02D and varied heights of hj=0-Sgd within the sloping ground 

domain (sidewall) but a larger width of ∆x=∆y=0.07D and a constant height of hj=Sgd 

within the leveled pre-scour ground domain.  Furthermore, individual piles are reduced 

to vertical lines as D is significantly smaller than the soil domain and the pile diameter 

effect was found to be negligible (Lin and Wu, 2019).  The value of Δ𝜎𝑧
′  is then 

calculated using Boussinesq’s point load solution by integrating the contribution from 

the weights of soil columns.  The integration is done over a finite area with boundaries 

located 60.5Wb and 60.5Lb from the center of the scour-hole bottom on x and y 
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directions, respectively [Figure 4.1(b)], beyond which soil overburden has no 

contribution to Δ𝜎𝑧
′.   

4.5.1.1 Consideration of entire overburden zone 

Assuming the overburden (or remaining soils) above the post-scour ground is 

discretized into J soil columns, and all the soil columns contribute to Δ𝜎𝑧
′  at an 

individual pile according to Boussinesq’s solution.  Therefore, ∆𝜎𝑧
′ for different piles in 

an m×n group at a given depth, z, can be expressed as   

 

[
 
 
 
∆𝜎𝑧,1

′

∆𝜎𝑧,2
′

⋮
∆𝜎𝑧,𝑚𝑛

′ ]
 
 
 

𝑚𝑛×1

= [

Ψ1,1 Ψ1,2
Ψ2,1 Ψ2,2

… Ψ1,𝐽
… Ψ2,𝐽

⋮     ⋮
Ψ𝑚𝑛,1 Ψ𝑚𝑛,2

⋱   ⋮ 
… Ψ𝑚𝑛,𝐽

]

𝑚𝑛×𝐽

[

𝑃1
𝑃2
⋮
𝑃𝐽

]

𝑚𝑛×𝐽

  (4-4) 

 

where Pj is the weight of the jth soil column, Pj=𝛾
′hj∆x∆y.  I,j is the influence 

factor depending on the distance (Li,j) between the point of interest in the ith pile to the 

center of the jth soil column bottom.  

 

Ψ𝑖,𝑗 =
3𝑧3

2𝜋[(𝑥p−𝑥s)2+(𝑦p−𝑦s)2+𝑧2]2.5
    (𝑖 = 1,2, … ,𝑚𝑛 and 𝑗 = 1,2, … , 𝐽) (4-5) 

 

where (xs, ys) and (xp, yp) represent the coordinates of the jth soil column and the ith 

pile, respectively; z is the depth of point of interest in the ith pile below the post-scour 

ground.  Once ∆𝜎𝑧
′  is determined from Eq. (4-4), post-scour vertical stresses at 

individual piles within a group for a given depth, z, can be calculated by  

 

[
 
 
 
𝜎𝑧,sc,1
′

𝜎𝑧,sc,2
′

⋮
𝜎𝑧,sc,𝑚𝑛
′ ]

 
 
 

𝑚𝑛×1

= 𝜂 ∙

{
 
 

 
 

[
 
 
 
∆𝜎𝑧,1

′

∆𝜎𝑧,2
′

⋮
∆𝜎𝑧,𝑚𝑛

′ ]
 
 
 

𝑚𝑛×1

+ [

𝛾′𝑧
𝛾′𝑧
⋮
𝛾′𝑧

]

𝑚𝑛×1}
 
 

 
 

≤

[
 
 
 
𝜎𝑧,int
′

𝜎𝑧,int
′

⋮
𝜎𝑧,int
′

]
 
 
 

𝑚𝑛×1

 (4-6) 

 

Besides, the vertical stress ratios (𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄ ) for individual piles at depth, z, are  

 

[
 
 
 
𝜎𝑧,sc,1
′ 𝜎𝑧,int

′⁄

𝜎𝑧,sc,2
′ 𝜎𝑧,int

′⁄

⋮
𝜎𝑧,sc,𝑚𝑛
′ 𝜎𝑧,int

′⁄ ]
 
 
 

𝑚𝑛×1

=
1

𝛾′(𝑧+𝑆gd)
∙

[
 
 
 
𝜎𝑧,sc,1
′

𝜎𝑧,sc,2
′

⋮
𝜎𝑧,sc,𝑚𝑛
′ ]

 
 
 

𝑚𝑛×1

≤ [

1
1
⋮
1

]

𝑚𝑛×1

  (4-7) 

 

In Eq. (4-6),  is a semi-empirical correction factor to account for the effect of soil-
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pile interface friction on retaining vertical effective stress in soils after scouring.  This 

value is back-calculated by matching the 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  profile calculated from Eqs. (4-4)-

(4-7) to that from 3D FEM (e.g., Figure 4.4).  Through parametric analyses considering 

various scour-hole depth, scour-hole slope angle, sand relative density, pile spacing, 

and number of piles,  was found to primarily depend on the scour-hole depth and pile 

spacing and can be expressed as =fdfs, where fd and fs are factors considering the effects 

of Sgd and s, respectively.  For the typical ranges of Sgd and s encountered in practice,  

can be determined by Table 4.3. 

Table 4.3 Correction factor for considering soil-pile interface friction 

Sgd (×D) fd 

=fdfs 

1.5 1.09 

3.0 1.13 

4.5 1.17 

6.0 1.20 

s (×D) fs 

2 1.14 

3 1.00 

4 0.94 

6 0.94 
 

The preceding procedure invoking Eqs. (4-4)-(4-7) constitutes the first step of the 

proposed IAM concerning the calculation of 𝜎𝑧,sc
′  considering the contribution of the 

entire overburden zone.  The IAM can be further utilized to derive the influence depth, 

zi, for different pile groups and scour-hole dimensions using equivalent stress ratio area: 

invoking Eq. (4-8), the stress ratio area, Ae, calculated using 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄   determined 

from Eqs. (4-4)-(4-7) is equal to that calculated using 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  determined by Eq. (4-

3).   

 

     𝐴e = ∫ (1 −
𝜎𝑧,sc
′

𝜎𝑧,int
′ ) d𝑧

𝐿e
0

                           (4-8) 

 

where Ae represents the area enclosed by the right vertical axis and 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  

profile (e.g., Figure 4.4).   
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Figure 4.4 Profiles of vertical stress ratios of (a) center pile, (b) corner piles, and 

(c) edge piles in a 3×3 pile group with 3D spacing (Sgd=2.8De, Swb=0, S=26.6°)  

Using this procedure, a typical range of zi is obtained, as given in Figures 4.5 and 

4.6 for a 3×3 pile group.  For other sizes of pile groups, the values are presented in 

supplementary Tables S4.3-S4.8.  By substituting zi into Eq. (4-1), 𝜎𝑧,sc
′  at individual 

piles can be obtained.  This forms part of the proposed IDM in relation to the calculation 

of post-scour vertical effective stress.   

4.5.1.2 Consideration of separate overburden zones 

In Eqs. (4-4)-(4-7), ∆𝜎𝑧
′ and 𝜎𝑧,sc

′  are calculated considering the total influence of 

the overburden above the post-scour ground surface; however, when integrating the 

calculated 𝜎𝑧,sc
′  into p-y curves, the calculated lateral soil resistances for the leading and 

back rows are identical, which is not reasonable.  To capture the difference in lateral 

soil resistance, the wedge failure model was adopted for scoured single piles (Lin et al., 
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2014a).  However, the application of the wedge failure model for a pile group is 

untenable as the difficulty in considering the geotechnical group effect and scour-hole 

geometry.  To address this issue, the preceding procedure for 𝜎𝑧,sc
′  was improved by 

dividing the overburden above the post-scour ground surface into different zones and 

separately evaluating ∆𝜎𝑧
′ and 𝜎𝑧,sc

′ .  As illustrated in Figure 4.1(b), when a pile group 

is under lateral load, the overburden pressure contributing to ∆𝜎𝑧
′ can be divided into a 

passive earth pressure zone, an active earth pressure zone, and an intermediate zone.  

Instead of calculating ∆𝜎𝑧
′  considering the entire overburden above the post-scour 

ground surface, ∆𝜎𝑧a
′   and ∆𝜎𝑧p

′   are separately evaluated considering the overburden 

within the intermediate-active pressure zone and the intermediate-passive pressure zone, 

respectively.  Mathematically, ∆𝜎𝑧a
′   and ∆𝜎𝑧p

′   are calculated by substituting Ja (the 

number of soil columns within the intermediate-active pressure zone) and Jp (the 

number of soil columns within the intermediate-passive pressure zone), respectively, 

for J in Eq. (4-4).  Subsequently, post-scour vertical effective stresses corresponding to 

the intermediate-active pressure zone and intermediate-passive pressure zone (𝜎𝑧a,sc
′  

and 𝜎𝑧p,sc
′ ) are obtained by substituting ∆𝜎𝑧a

′  and ∆𝜎𝑧p
′  into Eq. (4-6), respectively.  This 

constitutes part of the proposed IAM in relation to the calculation of the post-scour 

vertical effective stresses considering the effects of the separate overburden zones.   

4.5.2 Post-scour lateral responses of pile group 

The next part of the proposed IAM and IDM is to incorporate the post-scour 

vertical effective stress into the p-y curve framework.  This step requires calculating an 

equivalent depth, ze, by dividing the post-scour vertical effective stress by soil effective 

unit weight.  Substitution of ze into existing p-y curves [e.g., Reese’s p-y curves for 

sands (Reese and Van Impe, 2001)] for pile groups results in the modified p-y curves 

that can account for laterally loaded pile groups under different scour-hole dimensions.  

The above-mentioned step is also used when the standard methods are employed.  The 

post-scour vertical effective stresses calculated considering the entire overburden zone 

will be used by the standard methods and the IDM, while those considering separate 

overburden zones are used by the IAM.  Note that the IAM considering the entire 

overburden zone [Eqs. (4-4)-(4-7)] is only used for the purpose of deriving the IDM. 
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4.5.2.1 Consideration of entire overburden zone 

The equivalent depths, ze, of the IDM and the standard methods are calculated from 

Eq. (4-9), where 𝜎𝑧,sc
′   is calculated by substituting zi developed in this study and 

suggested by the standard methods, respectively, into Eq. (4-1).  The post-scour p-y 

curves for group piles are developed by substituting ze for z in Reese’s p-y relationship 

(Reese and Van Impe, 2001), as presented in Eqs. (4-10)-(4-14).   

 

𝑧e = 𝜎𝑧,sc
′ /𝛾′            (4-9) 

 

𝑝 =

{
 
 

 
 
𝑓m𝑘𝑧e𝑦                                𝑦  ≤ 𝑦k

𝑓m
𝑝m

𝑦m𝜆  𝑦
λ                                   𝑦k < 𝑦 ≤ 𝑦m

𝑓m [𝑝m +
(𝑦−𝑦m)(𝑝u−𝑝m)

𝑦u−𝑦m
]           𝑦m < 𝑦 ≤ 𝑦u

𝑓m𝑝u                                                    𝑦 > 𝑦u

  (4-10) 

 

where fm is the p-multiplier that considers the geotechnical group effect; ym=D/60; 

yu=3D/80; k is the p-y modulus, taken as 34, 16.3, 5.4 MN/m3 for the submerged dense, 

medium dense, and loose sands, respectively (API, 2011).  The other parameters (pu, 

pm, yk, ) are related to the ultimate lateral soil resistance per unit length of a pile, pult.   
 

𝑝u = 𝐴̅s𝑝ult        (4-11) 
 

𝑝m = 𝐵̅s𝑝ult        (4-12) 
 

where 𝐴̅s  and 𝐵̅s  are the static load-type factors that can be determined by 

substituting ze/D for z/D in Reese’s p-y curves.  Yk and  are obtained from 𝑦k =

(
𝑝m

𝑘𝑧e𝑦m
𝜆)

1

1−𝜆
 and 𝜆 =

𝑦m(𝑝u−𝑝m)

𝑝m(𝑦u−𝑦m)
, respectively.  Pult is taken as the smaller value of Eqs. 

(4-13) and (4-14).  

 

𝑝ult,s = 𝛾
′𝑧e [

tan𝛽(𝑧e tan𝛽 tan𝛼+𝐷)

tan(𝛽−𝜙′)
+
𝐾0𝑧e tan𝜙

′ sin𝛽

tan(𝛽−𝜙′) cos𝛼
+ 𝐾0𝑧e tan𝛽 (tan𝜙

′ sin 𝛽 −

tan𝛼) − 𝐾A𝐷]               (4-13) 

 

𝑝ult,d = 𝛾
′𝑧e𝐷[𝐾A(tan

8 𝛽 − 1) + 𝐾0 tan𝜙
′ tan4 𝛽]      (4-14) 

 

where pult,s and pult,d are ultimate soil resistance per unit length of a pile at shallow 

and great depths, respectively; =’/2; =45°+ ’/2; KA=tan2(45°- ’/2) and KA=1-sin’ 

are active and at-rest earth pressure coefficients, respectively, for normally consolidated 



 

Page 96 of 198 

soils. 

4.5.2.2 Consideration of separate overburden zones 

The proposed IAM employs 𝜎za,sc
′  and 𝜎zp, sc

′  to account for the differences in the 

active and passive earth pressures between the back row and the leading row in 

contributing to the lateral soil resistances.  The corresponding equivalent depths are 

calculated using zea=𝜎za,sc
′ /𝛾′ and zep=𝜎zp, sc

′ /𝛾′, respectively.  For the ultimate lateral 

resistance at shallow depths, pult,s, a close examination of Eq. (4-13) reveals that it 

consists of the components related to the active and passive earth pressures; therefore, 

Eqs. (4-11)-( 4-13) are modified to calculate pult,s, incorporating 𝜎za,sc
′  and 𝜎zp, sc

′ , given 

by 

 

𝑝u = 𝐴̅sp𝛾
′𝑧ep𝐾0 [

tan𝛽(𝑧ep tan𝛽 tan𝛼+𝐷)

𝐾0 tan(𝛽−𝜙′)
+

𝑧ep tan𝜙
′ sin𝛽

tan(𝛽−𝜙′) cos𝛼
+ 𝑧ep tan𝛽 (tan𝜙

′ sin 𝛽 −

tan𝛼)] − 𝐴̅sa𝛾
′𝑧ea𝐾A𝐷             (4-15) 

 

𝑝m = 𝐵̅sp𝛾
′𝑧ep𝐾0 [

tan𝛽(𝑧ep tan𝛽 tan𝛼+𝐷)

𝐾0 tan(𝛽−𝜙′)
+

𝑧ep tan𝜙
′ sin𝛽

tan(𝛽−𝜙′) cos𝛼
+ 𝑧ep tan𝛽 (tan𝜙

′ sin 𝛽 −

tan𝛼)] − 𝐵̅sa𝛾
′𝑧ea𝐾A𝐷             (4-16) 

 

where 𝐴̅sa (𝐵̅sa) and 𝐴̅sp (𝐵̅sp) are the static load-type factors dependent on zea/D 

and zep/D, respectively (Reese and Van Impe, 2001).  However, soil failure at a great 

depth typically follows a plane flow mode; therefore, the lateral soil resistance at a great 

depth, pult,d is influenced by the entire overburden above the post-scour ground surface, 

and in this case, Eq. (4-14) is still used.   

In summary, for the IAM, the post-scour p-y curves are developed using Eqs. (4-

10)-(4-12), and (4-14) when pult=pult,d but Eqs. (4-10), (4-15) and (4-16) when pult=pult,s.  

For the IDM or the standard methods, Eqs. (4-10)-(4-14) are invoked. 

4.5.3 Implementation and validation  

The post-scour p-y curves developed from the above procedures were incorporated 

into the Euler-Bernoulli beam equation (Reese and Van Impe, 2001) to analyze the 

laterally loaded pile groups considering different scour-hole conditions.  A central 

finite-difference algorithm with Newton’s iteration was developed in MATLAB to 
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implement the calculations.  The MATLAB code is attached as a supplementary file. 

As discussed in the introduction, no field tests or centrifuge tests regarding scoured 

pile groups can be used to validate the proposed methods.  Therefore, the proposed IAM 

and IDM were verified against a series of 3D continuum FE results computed by the 

authors (Lin and Lin, 2020) and compared with the standard methods (API, FHWA-DP, 

and FHWA-DS) and the method of Lin and Lin (2020).  In the 3D FE model (Lin and 

Lin, 2020), the pile was simulated as an elastic material using continuum solid elements, 

while soil as an elastoplastic material with Mohr-Coulomb failure criterion.  Soil 

parameters were back-calculated from a full-scale load test on a single pile (Brown et 

al., 1988), and the baseline 3D FE model for a pile group established using the 

calibrated soil parameters was verified against a full-scale test of a laterally loaded pile 

group (3×3, s=3D) at the same site as the single pile (Brown et al., 1988).  The pile head 

of individual piles in the pile group was pin-connected through a frame and thus was 

free for rotation while moving equally horizontally.  The baseline model was for a pre-

scour condition while the scour hole was created from the baseline model by 

deactivating the soil elements that were intended to be scoured away.  The scour depth 

ranged from 0 to 6D (0 to 2.8De) and scour-hole slope angle from 0° to 42° (one degree 

less than soil friction angle) while scour bottom width remained zero.  Greater details 

of the 3D FE model can be referred to Lin and Lin (2020). Table 4.4 shows the soil and 

pile parameters, and the pile head was 0.305 m above the ground surface (corresponding 

to the pre-scour ground in this study).  

Table 4.4 Sand and pile parameters of Reese’s p-y curve framework 

Parameters of Reese’s p-y curve framework Dense 

sand 

Medium 

dense sand 

Loose 

sand 

Sands (different relative 

densities)1 

Effective unit weight 

(kN/m3) 

9.83 9.83 9.83 

Effective angle of 

internal friction (°) 
48 35 26 

p-y modulus (kN/m3) 34000 16300 5400 

Equivalent pile (linear 

elastic)2  

Length (m) 12.81 

Diameter (m) 0.273 

Elastic modulus (Gpa) 75.713 

Note:  1soil parameters of dense sand were back-calculated from field test results (Brown et al., 1988), 
while that of medium dense and loose sands were back-calculated from 3D FEM results (Lin and Lin, 
2020); 2equivalent pile with solid cross-section has the same flexural stiffness as the prototype test pile 
(Brown et al., 1988) including steel pipe and tube bounded by grout. 
 

It is noted that Mohr-Coulomb constitutive model that adopts an elastic perfectly 

plastic relation has inherent limitations: for example, it could not evaluate the stress-



 

Page 98 of 198 

dependent soil stiffness, which however can be significant for sands (Gouw, 2014).  

Therefore, an advanced model such as strain hardening model may be more proper.  

However, the present study has validated the FE model using Mohr-Coulomb 

constitutive relation against the pile group test (Brown et al., 1988), with the soil 

parameters back-calculated from another field test (for a single isolated pile) at the same 

site.  This indicates that the numerical model in this study is still acceptable.  Besides, 

as discussed in Section 4.5.1, the scour-hole shape adopted by this study is, to some 

extent, simplified from a more complex scour scenario featuring uneven scour-hole 

bottom as well as unequal upstream and downstream side slope angles.  Therefore, a 

preliminary comparative study was conducted herein using 3D FEM to quantify the 

difference between a complex scour-hole scenario and a simplified uniform scour-hole 

scenario in terms of the lateral capacity of pile group, where the lateral capacity was 

the lateral load causing 1-inch deflection at the pile head (Lin and Wu, 2019).  The 

comparative study investigated the post-scour lateral capacities of the 3×3 pile group 

(Brown et al., 1988) under four different scour-hole scenarios illustrated in 

supplementary Figure S4.1, and the detailed scour-hole dimensions are summarized in 

supplementary Table S4.2.  Meanwhile, the pile spacing was set to be 5D so that the 

localized pits could be formed at individual piles as discussed in Section 4.3.  By 

comparing the lateral capacities corresponding to these four different scour-hole cases 

(Figure S4.2), simplifying an asymmetrical and uneven scour hole as a uniform scour 

hole could underestimate the post-scour lateral capacity of pile group by 10%-13%.  

This indicates that the simplification was conservative, and its effect was not significant.  

It is acknowledged that a further study is warranted to explore the limitations of the 

simplified scour-hole model for other sizes of pile group or improve the analytical 

method to directly account for the nonuniform scour-hole conditions.  

Overall, using the proposed IAM and IDM, Lin and Lin’s method, and standard 

methods (API, FHWA-DP, and FHWA-DS), a total of 288 parametric analyses were 

conducted to investigate the effects of scour-hole depth (0 to 6.0D or 2.8De), scour-hole 

slope angle (0°-42°), soil relative density (loose, medium, dense), pile spacing (2D-6D), 

number of piles (4-16 piles), and pile group configuration (square, rectangular) on the 

post-scour lateral responses of pile groups.  The details of the parametric analyses are 

summarized in Table 4.5.   
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Table 4.5 Details of parametric analyses 

Investigated 

factor 

Scour-hole dimensions Sand Pile group 1 

Sgd (×D) Sgd (×De) S (°) Relative 

density 

m×n s 

(×D) 

Scour-hole 

depth 

1.5, 3.0, 

4.5, 6.0 

0.7, 1.4, 2.1, 2.8 26.6 Dense 3×3 3 1.09-

1.20 

Scour-hole 

slope angle 

3.0 1.4 0, 12, 20, 

26.6, 35, 

42 

Dense 3×3 3 1.13 

Relative 

density of 

soil 

1.5, 3.0, 

4.5, 6.0 

0.7, 1.4, 2.1, 2.8 26.6 Dense 3×3 3 1.09-

1.20 medium 

loose 

Pile spacing 3.0 1.3,1.4,1.7,1.9,2.1 26.6 Dense 3×3 2, 3, 

4, 5, 

6 

1.06-

1.29 

Number of 

piles 

3.0 2.0 26.6 Dense 2×2 3 1.13 

1.4 3×3 

1.1 4×4 

Pile group 

configuration 

2.5, 5.1, 

7.6, 10.2 

0.7, 1.4, 2.1, 2.8 0, 12, 20, 

26.6, 35, 

42 when 

Sgd=2.8De 

Dense 6×5 3 1.12-

1.20 

1.8, 3.6, 

5.4, 7.2 

10×3 1.10-

1.20 

1.4, 2.8, 

4.3, 5.7 

15×2 1.09-

1.20 

Note: 1 was determined using Table 4.3. 
 

4.6 Results and discussion 

The results of post-scour vertical effective stress and lateral responses of pile 

groups are presented, focusing on the demonstration of the efficacy of the proposed 

methods (IAM and IDM) and the appraisal of the existing methods mentioned in 

Section 4.4.  Note that the calibrated 3D FE model (Lin and Lin, 2020) was used to 

validate the IAM and IDM, and to evaluate the existing methods.  

Prior to presenting the results, the effect of soil-pile interface friction quantified by 

 and the determination of influence depth, zi, are discussed. Figure 4.4(a)-(c) show the 

computed 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  profiles of the center, corner, and edge piles, respectively, for the 

3D spaced 3×3 pile group with Sgd=2.8De (6D), Swb=0, and S=26.6°.  Also shown in 

Fig 4 is the influence depth, zi.  When the soil-pile interface friction effects were 

neglected [i.e., dropping out  in Eq. (4-6)], IAM that considers the entire overburden 

zone [Eqs. (4-4)-( 4-7)] and IDM yielded smaller 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  than the 3D FEM.  This 

is because the effect of soil-pile interface friction (Lin and Jiang, 2019) was ignored 

when  was precluded.  Contrarily, with the inclusion of , IAM and IDM yielded a 
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much better comparison with the 3D FEM.  Therefore, for the following analyses, only 

IAM and IDM with  (Table 4.3) are considered. Figure 4.4 also reveals that the 

proposed influence depths (denoted by circles) determined from Eqs. (4-4)-( 4-8) were 

2.12Sgd (center pile), 2.25Sgd (corner pile), and 2.10Sgd (edge pile), which are similar to 

the benchmark values (1.94Sgd, 2.22Sgd, and 2.13Sgd) determined from the 3D FEM 

(denoted by rhombus symbols). 

4.6.1 Post-scour vertical effective stresses around piles 

The vertical effective stresses under local-scour conditions are discussed in terms 

of the influence depth.  A greater zi indicates a deeper influence and thus a greater loss 

in the vertical effective stress caused by the local scour. 
 

 

Figure 4.5 Influence depths of (a) center pile, (b) corner piles, and (c) edge piles 

in a 3×3 pile group (s=3D) varied with scour-hole depths (Sgd=0.7De-2.8De, Sw=0, 

S=26.6°)  
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4.6.1.1 Effect of scour-hole depth on the influence depth 

The proposed influence depths under different Sgd were determined by back-

calculating from the results of IAM, and they were compared with those determined by 

the 3D FEM and recommended by the standard methods.  As indicated in Figure 4.5, 

the results for different positions of piles agreed well with the 3D FE results, showing 

a nonlinear decrease in zi with increased Sgd.  For example, zi decreased by 61%, 39%, 

and 30% for the center, edge, and corner piles, respectively, as Sgd increased from 0 to 

2.8De 6D).  The results further indicate that 𝜎𝑧,sc
′  (reflected by zi) varied with the pile 

position in the pile group, with deeper zi at the center pile than the edge piles and corner 

piles.  This means that local scour caused a larger loss and a deeper influence in the 

vertical effective stress at the center pile than the perimeter piles.  In contrast, the 

standard methods that recommend a constant zi failed to capture the nonlinear 

relationship and the variation of zi with the pile position.  However, the influence depth 

suggested by API (zi=3Sgd) was comparable to that from IDM and 3D FEM when 

Sgd=1.4De.  The influence depth suggested by FHWA-DS (zi=1.5Sgd) served as a lower 

bound of IDM and 3D FEM, showing increasing agreement as Sgd increased, while that 

by FHWA-DP was incorrect as it ignored the local-scour effects on the soil stress 

reduction.   

4.6.1.2 Effect of pile spacing on the influence depth 

Figure 4.6 presents variations of influence depth with pile spacing when Sgd=3D, 

Swb=0, S=26.6°.  Note that Sgd is normalized by D since the effective diameter, De, is 

no longer constant under varied pile spacing.   

Overall, zi increased as s increased, with that at the center pile increasing more 

significantly than at the edge and corner piles.  This result is attributed to the reduced 

soil-pile interactions with increased s (as indicated by fs in Table 4.3).  Again, this was 

captured by the IDM and 3D FEM but not by the standard methods.  In comparison, 

FHWA-DS (zi=1.5Sgd) and API (zi=3Sgd) only agreed with IDM and 3D FEM when 

s=2D and 3D, respectively. 
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Figure 4.6 Influence depths of (a) center pile, (b) corner piles, and (c) edge piles 

in a 3×3 pile group vs. pile spacings (Sgd=3D, Swb=0, S=26.6°)  

4.6.2 Post-scour lateral responses of pile groups  

For a laterally loaded pile group, geotechnical group effect is usually characterized 

by p-multiplier, fm, which can be obtained from load tests, 3D continuum FE analyses; 

alternatively, typical values of fm can be referenced to design standards.  In this study, 

fm was back-calculated from the abovementioned 3D FE results (Lin and Lin, 2020) 

and compared with the typical values obtained from the field tests (Brown et al., 1988; 

Mokwa, 1999) and design recommendations (ASSHTO, 2012; FEMA, 2012; Reese et 

al., 1996; Reese and Van Impe, 2001; U.S. Army Corps of Engineers, 1991) as shown 

in Figure 4.7.   

Overall, the back-calculated fm was within the range suggested by the design 

recommendations and field tests.  As with Fayyazi et al. (2014), fm back-calculated from 

the 3D continuum numerical model was smaller than the recommended values 
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(ASSHTO, 2012; FEMA, 2012; Reese et al., 1996; Reese and Van Impe, 2001), 

particularly for the back row.  ASSHTO (2012) generally agreed well with fm obtained 

from field tests and 3D FEM for s≤4D (Fayyazi et al., 2014; Rollins et al., 2005).  

Contrarily, fm values per U.S. Army Corps of Engineers (1991) were in general small 

and conservative, particularly for the leading row.  Note that the above back-calculated 

fm was obtained in the no-scour condition and was reasonably assumed to remain 

unchanged after scouring (Lin and Lin, 2020).   

In this section, the post-scour lateral responses of pile groups are presented, 

including the lateral capacity ratio, load share, and bending moment.  The effects of 

scour-hole depth, scour-hole slope angle, soil relative density, pile spacing, and pile 

group configuration on the post-scour lateral responses were evaluated, with the ranges 

of input parameters given in Table 4.5. 

 

Figure 4.7 Effects of pile spacing on (a) back row, (b) middle row, and (c) leading 

row p-multipliers of a 3×3 pile group 
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4.6.2.1 Effect of scour-hole depth  

Figure 4.8 shows the lateral load-deflection curves at the pile head (3×3 pile group) 

before and after scouring.  Overall, the proposed methods (IAM and IDM) yielded 

agreeable results with the 3D FEM at different scour depths; In contrast, Lin and Lin’s 

method predicted smaller lateral loads at a given deflection.  To assess the effects of 

scour-hole dimensions, a lateral capacity defined as the post-scour to the pre-scour 

lateral capacity of a pile group, was adopted.  The lateral capacity was the lateral load 

causing 1-inch deflection at the pile head (Lin and Wu, 2019).  Generally, a smaller 

lateral capacity ratio indicates a greater scour-induced loss in the lateral capacity.   

 

Figure 4.8 Lateral load-deflection curves at pile head (3×3 pile group with 3D 

spacing) under different scour-hole depths (Swb=0, S=26.6°) 

 

 

Figure 4.9 Lateral capacity ratio (3×3 pile group with 3D spacing) varied with 

scour-hole depth (Swb=0, S=26.6°) 

Figure 4.9 shows the lateral capacity ratio of the 3D spaced 3×3 pile group varied 
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with Sgd calculated using different methods.  From the 3D FE analyses, the lateral 

capacity ratio decreased from 1 to 0.42 when Sgd increased from 0 to 2.8De (or 6D), 

indicating a 58% loss in the lateral capacity.   

Surprisingly, despite applying only for single piles, FHWA-DS produced the most 

agreeable results of scoured pile groups as compared with the 3D FEM, with the 

difference of -4% to 10%.  The proposed methods (IAM and IDM) and API also 

compared well with the 3D FEM, with the difference of 0 to 14%, while the method of 

Lin and Lin (2020) underestimated the lateral capacity ratio by up to 22%.  In contrast, 

FHWA-DP considerably overestimated the lateral capacity ratio by up to 47% as the 

neglect of scour-induced loss in the vertical effective stress.  The above results 

demonstrate that all the methods assessed except FHWA-DP are suitable for use when 

S=26.6°, and the IAM is approved to be an improvement over Lin and Lin (2020). 
 

 

Figure 4.10  Load shares of (a) back row, (b) middle row, and (c) leading row 

piles under different scour-hole depths (Swb=0, S=26.6°) 
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Figure 4.10 shows load shares of pile rows varied with Sgd.  The load share of each 

row is defined as the lateral load carried by the pile row divided by the total load applied 

to the pile group that mobilized the pile head laterally by 1 inch.  The load share from 

the 3D FEM increased by10% for the back row but decreased by 6% for the leading 

row when Sgd increased from 0 to 2.8De.  This result indicates that as local scour 

intensified, the back row attracted more lateral load while the leading row took less 

lateral load.  Figure 4.10 also shows that the proposed IAM exhibited a better match 

with the 3D FEM than the other methods, which indirectly verifies the assumption that 

fm remained unchanged with the change in Sgd as mentioned in Section 4.6.1.  

Furthermore, Figures 4.11(a)-(c) profile the bending moment of piles in the back, 

middle, and leading rows, respectively.   

 

Figure 4.11 Post-scour (Sgd=2.8De, Swb=0, S=26.6°) bending moments of (a) back 

row, (b) middle row, and (c) leading row piles (3×3 pile group with 3D spacing) 
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Compared with the 3D FEM, FHWA-DP overestimated the average bending 

moments of back-row, middle-row, and leading-row piles by up to 39%, 53%, and 50%, 

respectively, while all the other methods including IAM and IDM produced consistent 

and agreeable estimates.  In general, maximum bending moments decreased by 17%-

20% when Sgd increased from 0.7De to 2.8De (i.e., 1.5D to 6.0D).  Meanwhile, the 

location of the maximum bending moment moved downward relative to the pile top by 

2.4D-3.0D.   

4.6.2.2 Effect of scour-hole slope angle  

Figure 4.12 shows the lateral capacity ratio for S=0°-42° while the other scour-

hole dimensions were maintained constant (Sgd=1.4De, Swb=0).  When S=0°, a local 

scour turned into a general scour, while the upper bound of the scour-hole slope angle 

(S=42°) was set to be less than the internal friction angle of sand (’=43°). 
 

 

Figure 4.12 Lateral capacity ratio (3×3 pile group with 3D spacing) varied with 

scour-hole slope angle (Sgd=1.4De, Swb=0) 

The results by the proposed methods (IAM and IDM) showed similar trends to the 3D 

FEM: i.e., the lateral capacity ratios increased with the increase in S, although the magnitudes 

were slightly lower but conservative, and the difference in the magnitude was attributed to the 

discrepancy of lateral capacity ratio existed at S=0°.  Moreover, both IAM and IDM were 

superior to Lin and Lin (2020) as compared with the 3D FEM.  When S decreased from 26° 

to 0°, the lateral capacity ratio decreased by 25%.  This indicates that simplifying a local scour 

as a general scour, which is commonly used in practice for foundation design, could 

underestimate the lateral capacity of a pile group by up to 25%.  Contrarily, the results of the 
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standard methods were all featured by a constant line as they could not consider the changes 

in S or Swb.  FHWA-DP on average overestimated the lateral capacity ratio by 25% when 

S=0°-42°.  Although FHWA-DS compared well with the 3D FEM when S=20°-42°, it 

overestimated the lateral capacity ratio by up to 20% when S<20°, which is unsafe.  For a 

scoured pile group, the existing data (Table 4.2) showed that S could be less than 15° (Bayram 

and Larson, 2000; Butch, 1996; Harris and Whitehouse, 2014; Sun et al., 2007).  In this 

circumstance, FHWA-DS could yield an unconservative design.  API generally gave 

conservative results, except S≤5° in which it overestimated the lateral capacity ratio by up to 

8%.  

Figure 4.13 shows load shares of pile rows varied with S.  As previously mentioned, the 

soil lateral resistance to the leading row is different from that to the back row.   

 

 

Figure 4.13 Load shares of (a) back row, (b) middle row, and (c) leading row 

piles (3×3 pile group with 3D spacing) under different scour-hole slope angles 

(Sgd=1.4De, Swb=0) 

In general, the leading row is anticipated to resist more lateral load with increased S as 

higher passive earth pressures developed in front of it, and the opposite is anticipated for the 
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back row as higher active pressures developed behind it.  This phenomenon was manifested 

by the 3D FEM and IAM (Figure 4.13), showing a higher lateral load on the leading row but 

a lower lateral load on the back row as S increased.  Although the changes in the load shares 

estimated by the IAM were slightly narrower than those by the 3D FEM, the trends were 

similar.  However, the other methods gave insignificant or no changes in load share with 

increased S, which is incorrect.  The reason is that the increases in the active earth pressure 

to the back row and the passive earth pressure to the leading row due to the increased S were 

not considered in these methods. 

4.6.2.3 Effect of soil relative density 

Besides the influences of scour-hole dimensions, effects of soil condition on the post-

scour lateral responses of pile groups were examined.  As shown in Figure 4.14, when Sgd 

increased from 0 to 2.8De, scour-induced loss in the lateral capacity was 58%, 50%, and 45% 

for the pile group in dense, medium dense, and loose sands, respectively from the 3D FEM; 

similar results were also obtained by the IAM (65%, 57%, and 53%) and IDM (64%, 55%, 

and 51%).   

 

 

Figure 4.14 Effects of soil relative density on lateral capacity ratios (3×3 pile 

group with 3D spacing) vs. scour-hole depths (Swb = 0, S = 26.6°)  

These results indicate that scour caused more loss in the lateral capacity (up to 13%) of 

the pile group in dense sands than in loose sands, particularly for greater Sgd.  Overall, the 

proposed methods (IAM and IDM) provided better estimations of lateral capacity ratio than 

Lin and Lin (2020).  In addition, pile bending moments were profiled in various soil conditions 
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but under the same scour-hole dimensions (Swb=0, Sgd=1.4De, S=26.6°).  Figure 4.15 shows 

that the bending moments determined by the IAM and IDM were comparable with those by 

the 3D FEM.   
 

 

Figure 4.15 Effects of soil relative density on post-scour (Sgd=1.4De, Swb=0, 

S =26.6°) bending moments of (a) back row, (b) middle row, and (c) leading row 

piles (3×3 pile group with 3D spacing) 

In general, the maximum bending moment increased with the increased relative 

density of sands, and the increases were 71%-76% and 57%-70% by the IAM and 3D 

FEM, respectively.  Meanwhile, the location of the maximum bending moment shifted 

downward by 2.1D when the relative density increased from loose to dense.   
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4.6.2.4 Effects of pile spacing and number of piles 

As mentioned in Section 4.3, in contrast to scour at a single isolated pile, scour at 

a pile group is influenced not only by hydraulic conditions (e.g., Froude number, 

Keulegan-Carpenter number, flow direction) but also pile group conditions (e.g., pile 

spacing, pile number, pile group configuration) due to the hydraulic group effects (i.e., 

reinforcement, sheltering, shed vortices, and jetting effects).  In general, reinforcement 

and sheltering effects that intensify scour at the upstream pile can be attenuated by 

increasing the pile spacing in-line with the flow.  Likewise, jetting effect that wipes out 

soils between side-by-side piles as the compression of inner arms of horseshoe vortices 

can also be weakened by increasing the pile spacing normal to the flow.  Moreover, 

shed vortices that intensify scour at the downstream pile on the path of wake vortices 

are more significant in a staggered pile group arrangement (Hosseini and Amini, 2015; 

Lança et al., 2013; Sumer and Fredsøe, 1998).  Therefore, the following two sections 

will focus on the effects of pile spacing, pile number, and pile group configuration on 

the post-scour responses of pile group.   

As indicated by Table 4.1, global scour could develop and dominate the scour-hole 

geometry at pile groups when s<5.5D.  Here, we assume global scour occurred for 

s=2D-6D, which covers the typical range of spacing in the general design of pile groups.  

Figure 4.16 shows the lateral capacity ratio varied with the pile spacing when Swb=0, 

Sgd=3D, and S=26.6°.  Based on the 3D FE analyses, the lateral capacity ratio decreased 

by 4% as s increased from 2D to 6D.  The proposed methods (IAM and IDM) yielded 

agreeable lateral capacity ratios with the 3D FEM with differences less than 0.1.  As 

with Figure 4.9 and Figure 4.12, API produced similar results to IAM and IDM, while 

FHWA-DP significantly overestimated the lateral capacity ratio, which is unsafe.  

Although FHWA-DS produced the best comparable results with the 3D FEM when 

S=26.6°, it could overestimate the lateral capacity ratio when S≤20° as shown in 

Figure 4.12, which is also unsafe.   
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Figure 4.16 Effects of pile spacing on lateral capacity ratios of a 3×3 pile group 

(Sgd=3D, Swb=0, S=26.6°) 

Furthermore, the effect of the number of piles on the lateral capacity ratio was 

investigated by considering three sizes of pile groups: 2×2 (Sgd=3D=1.97De), 3×3 

(Sgd=3D=1.40De), and 4×4 (Sgd=3D=1.05De).  As shown in Table 4.6, the effect of 

increasing the number of piles on the lateral capacity ratio was negligible, displaying 

only a slight increase (4%).  Compared with the 3D FEM, IAM and IDM 

underestimated lateral capacity ratios by 13% and 9%, respectively, while Lin and Lin’s 

method by 18%.  However, FHWA-DP overestimated it by 24%.  Again, for S=26.6° 

which is greater than 20°, FHWA-DS agreed best with the 3D FEM, and API yielded 

similar results to the 3D FEM and IAM.   

Table 4.6 Effect of the number of piles on the lateral capacity ratio (Sgd=3D, 

Swb=0, S=26.6°)  

Pile group 

(m×n) 

Lateral capacity ratio (Sgd=3D, Swb=0, S=26.6°) 

3D 

FEM1 

IAM IDM Lin and Lin 

(2020) 

API FHWA-

DP 

FHWA-

DS 

2×2 0.69 0.60 0.63 0.58 0.61 0.86 0.68 

3×3 0.70 0.61 0.63 0.57 0.62 0.87 0.70 

4×4 0.72 0.63 0.66 0.58 0.66 0.89 0.74 

Note: 13D FEM results were extracted from Lin and Lin (2020). 
 

4.6.2.5 Effect of pile group configuration 

The previous results were determined for the square pile group, a prerequisite 

assumed by the method of Lin and Lin (2020).  The proposed methods (IAM and IDM) 

 1 
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were developed for different shaped pile groups.  To assess the effect of pile group 

configuration, pile groups with three configurations (m×n=6×5, 10×3, 15×2) but the 

same number of piles (30) and spacing (s=3D) were evaluated using the IAM and IDM 

under local-scour conditions.  For comparison purposes, it is assumed that the standard 

methods (Figure 4.3) might be applied to the scoured pile groups with rectangular 

configurations.  The p-multipliers used for the three pile groups were evaluated from 

ASSHTO (2012) (Figure 4.7).  The lateral capacity ratios were computed for different 

scour depths (Sgd=0.7De-2.8De, S=26.6°, Swb=0) (supplementary Figure S4.3) and 

different scour-hole slope angles (S=0°-26.6°, Sgd=2.8De, Swb=0) (supplementary 

Figure S4.4).  Figure 4.17 was reduced from supplementary Figure S4.3 and Figure 

S4.4 by selecting a given scour-hole depth (Sgd=1.4De) to evaluate the shape effect.   

 

 

Figure 4.17 Lateral capacity ratios vs. pile group configuration: (a) 6×5, (b) 

10×3, and (c) 15×2 (s =3D, Sgd =1.4De, Swb =0, S =26.6°) 

Surprisingly, increasing the aspect ratio of the pile group (approximately equal to 

m/n) resulted in an increase in the lateral capacity ratio.  For the case analyzed, the 

lateral capacity ratio increased by 57% when m/n increased from 1.2 to 7.5.  In other 

words, given the same number of piles (mn), the square pile group could subject to more 

scour-induced loss in the lateral capacity than the rectangular pile group.  The standard 

methods (API, FHWA-DP, and FHWA-DS) could also capture this trend, although they 

might not be technically correct. 
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4.7 Conclusions 

This study proposed a new approach called the improved analytical method (IAM) 

for analyzing the laterally loaded pile groups under local-scour conditions.  Drawing 

on the IAM and the concept of influence depth in the standard methods (API, FHWA-

DP, and FHWA-DS), a simple and practical influence depth method (IDM) was also 

proposed.  The proposed methods (IAM and IDM) were validated against the results of 

the 3D FE model that was calibrated against a full-scale load test.  Two MATLAB 

programs were developed to implement the IAM and IDM, with which 288 parametric 

analyses were performed to evaluate the factors (scour-hole depth, scour-hole slope 

angle, soil relative density, pile spacing, number of piles, and pile group configuration) 

affecting the post-scour behavior of pile groups in sands.  The standard methods and 

the method of Lin and Lin (2020) were critically assessed in the parametric study.  The 

following conclusions were obtained from this study:   

(1) Compared with the 3D FEM, the proposed IAM and IDM produced agreeable and 

conservative estimates of the lateral capacity and maximum bending moment of 

pile groups.  FHWA-DP significantly overestimated the lateral capacity, which is 

thus unsafe and not recommended for use.  For typical scour-hole dimensions 

(S=26.6° or 30°) recommended in practices, API and FHWA-DS could be used to 

yield agreeable prediction of the lateral capacity.  However, when S<20° as often 

encountered in the field per the literature survey, API and FHWA-DS overestimated 

the lateral capacity, and therefore are unsafe. 

(2) The increase in scour-hole depth, Sgd, decreased the lateral capacity and maximum 

bending moment of pile groups, and shifted the location of the maximum bending 

moment toward the post-scour ground surface.  Besides, more lateral loads were 

transferred to the back row as Sgd increased.  The proposed IAM yielded a better 

prediction of the load share as compared with the 3D FEM than the standard 

methods and Lin and Lin’s method. 

(3) The lateral capacity and maximum bending moment increased as the scour-hole 

slope angle, S, increased.  The increase in S increased the load share of the leading 

row but decreased the load share of the back row, which was only captured by the 

IAM and 3D FEM; while neither the standard methods nor Lin and Lin’s method 

could capture the change in load share with S 
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(4) Although adopting a larger pile spacing, s, could reduce the geotechnical group 

effect, scour-induced reduction in the lateral capacity increased as s increased given 

the same local-scour depth.  The scour-induced decrease in the lateral capacity was 

more significant in the square pile group than the rectangular pile group (loading 

along the length of the pile group) given the same total number of piles.  Therefore, 

the use of a pile group in rectangular configuration is recommended in the 

foundation design against scour.   

4.8 Notation 

b = area of scour-hole bottom 

Ae = area enclosed by the ’z,sc’z,int profile and the right vertical axis (’z,sc’z,int=1.0) 

in the depth distribution of vertical stress ratio  

𝐴̅s = static load-type factors dependent on soil depth defined in Reese’s p-y curve 

A̅sa and B̅sa = static load-type factors dependent on zea/D 

A̅sp and B̅sp = static load-type factors dependent on zep/D 

𝐵̅s = static load-type factors dependent on soil depth defined in Reese’s p-y curve 

D = pile diameter  

De = effective diameter of a pile group defined by Sheppard (2003)  

fd = factors considering the effect of scour depth in the calculation of  

fm = p-multiplier (usually ≤1.0) that considers geotechnical pile group effect  

fs = factor considering the effect of pile spacing in the calculation of   

hj = height of soil column defined in the proposed method, j =1, 2, …, J 

J = number of soil columns 

Ja = number of soil columns within the intermediate-active pressure zone 

Jp = number of soil columns within the intermediate-passive pressure zone   

KA = coefficient of active earth pressure, KA=tan2(45°-’/2) 

Ko = coefficient of earth pressure at rest, taken as 1-sin’ for normally consolidated soils 

Lb = length of the scour-hole bottom in the proposed method  

Le = post-scour embedded length of pile  

Lij = distance between the point of interest in the ith pile to the center of the jth soil 

column bottom, i= 1, 2, …, mn  

m = number of piles in-line with the lateral load direction  

n= number of piles normal to the lateral load direction  
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Pj = weight of the jth soil column, j =1, 2, …, J 

p = lateral soil resistance per unit length of a pile 

pm = soil resistance corresponding to ym in Reese’s sand p-y curve, p
m

=B̅spult
 

pu = soil resistance corresponding to yu in Reese’s sand p-y curve, p
u
=A̅spult

 

pult = ultimate lateral soil resistance per unit length of a pile, pult=min{pult,s, pult,d} 

pult,d = ultimate lateral soil resistance per unit length of a pile at greater depths 

pult,s = ultimate lateral soil resistance per unit length of a pile at shallow depths 

Sgd = scour-hole depth around a pile group  

Ssd = scour-hole depth around a single isolated pile  

Swb = scour-hole bottom width around a pile group  

Swc = distance from the scour-bottom perimeter to the center pile, Swc=(Ab/)0.5-0.5D   

S = scour-hole slope angle around a pile group  

s = center-to-center pile spacing 

yk = a specific pile deflection in Reese’s sand p-y curve that transits the initial linear 

portion to a parabolic portion  

ym = a specific pile deflection in Reese’s sand p-y curve, ym=D/60  

yu = a specific pile deflection in Reese’s sand p-y curve, ym=3D/80  

Wb = width of the scour-hole bottom in the proposed method  

(xp, yp) = coordinates of the ith pile  

(xs, ys) = coordinates of the jth soil column  

y = lateral soil displacement 

z = depth below post-scour ground surface  

ze = equivalent depth that considers scour effect, ze= ’z,sc/’ 

zea = equivalent depth corresponding to the intermediate-active pressure zone, 

zea= ’za,sc/’ 

zep = equivalent depth corresponding to the intermediate-passive pressure zone, 

zep= ’zp,sc/’ 

zi = influence depth that considers scour effect, below which ’z,sc = ’z,int 

 = angle of the passive failure wedge in the horizontal direction, =’/2 

f = flow skew angle  

 = angle of the passive failure wedge with the ground surface, =45°+’/2 

’ = effective unit weight of soil  

x = width of soil column on x direction in the proposed method  
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y = width of soil column on y direction in the proposed method  

’z = vertical effective stress resulting from soil overburden above the post-scour 

ground surface 

’za = addition vertical effective stress considering the soil overburden within the 

intermediate-active pressure zone  

’zp = addition vertical effective stress considering the soil overburden within the 

intermediate-passive pressure zone  

 = a semi-empirical correction factor to account for the effect of soil-pile interface 

friction on retaining vertical effective stress in soils after scouring, =fdfs 

 = parameter used to form the parabolic portion in Reese’s sand p-y curve, =ym(pu-

pm)[pm(yu-ym)]-1 

’z = vertical effective stress resulting from soil overburden below the post-scour 

ground surface 

’za,sc = post-scour vertical effective stress corresponding to the intermediate-active 

pressure zone  

’zp,sc = post-scour vertical effective stress corresponding to the intermediate-passive 

pressure zone  

’z,sc = post-scour vertical effective stress of soil at pile  

’z,int = pre-scour vertical effective stress of soil at pile  

’ = effective friction angle of soil  

ij = influence factor depending on Lij   
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Chapter 5 Scour Effects on Lateral Responses 

of Pile Groups in Clays 

5.1 Abstract 

In contrast to single piles, pile groups experience more capacity loss by scour due 

to not only geotechnical group effect but also hydraulic group effect.  However, existing 

standards only include design considerations for scoured single piles, and scour effects 

on lateral behavior of pile groups are not fully appreciated.  This study proposes a 

practical method to analyze the lateral behavior of pile groups in soft clays affected by 

local scour.  The proposed method was verified against the results of 3D continuum 

finite element (FE) models, in which the baseline no-scour 3D model was established 

based on a reported full-scale load test.  Parametric analyses were conducted to 

investigate the effects of scour-hole dimensions and pile group configurations on the 

lateral responses of pile groups in soft clays.  The suitability of applying the methods 

specified in the various standards for a scoured single isolated pile to a scoured pile 

group was assessed by comparing them with the proposed method and 3D FE analyses.  

The results also highlighted the importance of the hydraulic group effect in the 

evaluation of lateral behavior of scoured pile groups.  This research recommends a 

rectangular pile group shape with greater pile spacing in the foundation design against 

scour.   

5.2 Introduction 

Affected by waves and currents, offshore platforms and bridges are vulnerable to 

scour as a result of the loss of soil supports to their foundations (Briaud, 2015; Coleman 

and Melville, 2001; Imhof, 2004; Lagasse et al., 2007; Liang et al., 2017; Watson, 1974; 

Whitehouse, 1998).  The risk of scour-related damages is anticipated to be more severe 

with climate change, which would not only intensify the extent and frequency of storms 

and floods but also increase the temperature and acidity of water (Anderson et al., 2014; 

Nemry and Demirel, 2012).  Scour at marine installations includes general scour (a 

uniform decrease in seabed elevation) and local scour (a localized decrease in seabed 

elevation, mainly around piles) (Whitehouse, 1998).  The local scour at a pile group can 
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be further classified into global scour (a shallow wide depression covering the footprint 

of pile group) and localized pit (steep-sided holes formed at individual piles) (Sumer et 

al., 2005).  The mechanisms of scour developed at a pile group involve not only 

downflow, horseshoe vortex, and lee wake vortices that form at individual piles 

(Whitehouse, 1998) but also reinforcement, sheltering, shed vortices, and jetting effects 

(Hannah, 1978; Hosseini and Amini, 2015) that result from a complex flow-structure 

interaction (i.e., hydraulic group effect).  Therefore, scour at pile groups is more 

complicated and tends to be more severe than at single isolated piles.   

Based on an extensive review, Jiang and Lin (2021) recommend that for design 

purposes, when s≤5D (s = pile spacing, D = pile diameter), local scour at a pile group 

can be characterized by a global scour hole with the shape of an inverted truncated 

pyramid with a rounded-quadrilateral cross section (Figure 5.1).  The scour hole can be 

described with three dimensions: scour-hole depth, Sgd, slope angle, S, and bottom 

width, Swb.  For scour depth at a pile group, Sgd is often normalized by an effective 

diameter, De, of a pile group (Sheppard, 2003) to reflect effects of pile group 

configuration and flow conditions on scour depth (Figure 5.2), and facilitate the 

comparison of scour severity between a pile group and a single pile.  More information 

about the determination of De is presented in Section 5.5.  In general, the normalized 

scour depth for a pile group falls within a range of Sgd/De=1.2-2.0 (Jiang and Lin, 2021), 

which is comparable to that for a single isolated pile (Ssd/D=1.3-2.5) (API, 2011; DNV, 

2014; GL, 2012).  The values of S observed at offshore pile groups are 5°-15° (Bayram 

and Larson, 2000; Sun et al., 2007), which are somehow smaller than the typical values 

(26.6° and 30°) used in the post-scour design analyses of foundations under bridges 

(Arneson et al., 2012) and marine structures (Whitehouse, 1998).   

In designing laterally loaded piles under local scour, two approaches can be 

referenced (Lin and Lin, 2019), which are established based on the p-y curve framework 

through modifying the ultimate soil resistance, pult.  The first approach (Lin and Jiang, 

2019; Lin and Wu, 2019; H. Zhang et al., 2017) involves the calculation of vertical 

effective stress of soils at piles after local scour, 𝜎𝑧,sc
′ , which is then substituted into the 

equations for pult to account for scour effects, while the second approach (Lin et al., 

2016, 2014a) involves calculating pult directly using the wedge failure model with scour 

hole.  The first approach has been mentioned in the design standards such as American 

Petroleum Institute (API, 2011), U.S. Federal Highway Administration-Drilled Shaft 

(FHWA-DS) (Brown et al., 2010), and Driven Pile (FHWA-DP) (Patrick et al., 2016), 
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and details will be given in the next section.   

 

 

Figure 5.1 Three-dimensional model of a scour hole at a 5×3 pile group 

 

 

Figure 5.2 Illustration of effective group diameter 

The above-mentioned approaches are only applicable for scoured single piles.  

Nevertheless, piles are typically installed in a group to support a superstructure, and 

scour susceptibility of pile groups is more significant than single isolated piles due to 

the dual group effects: hydraulic and geotechnical group effects (Jiang and Lin, 2021).  
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The hydraulic group effect results in an increased scour depth while the geotechnical 

group effect causes a reduced average lateral resistance per pile in a pile group as 

compared with a single isolated pile.  Despite a higher risk of pile groups to scour, there 

is a dearth of studies concerning the lateral behavior of pile groups under scour 

conditions (Jiang and Lin, 2021; Liang et al., 2020; Lin and Lin, 2020; H. Ma et al., 

2018), and in these limited studies, only sandy soils are considered.  In fact, scour can 

develop not only in sands but also in clays (Harris and Whitehouse, 2017).   

The overarching goal of this study was to develop a method for analyzing the lateral 

behavior of pile groups in soft clays under local scour conditions.  Firstly, we proposed 

a practical method for scoured pile groups in soft clays based on the p-y curve 

framework by combined application of the first approach (calculation of 𝜎𝑧,sc
′ ) and the 

second approach (development of wedge failure model) as previously mentioned.  The 

proposed method was verified against 3D continuum finite element (FE) analyses, in 

which the baseline no-scour 3D FE model was confirmed with a full-scale lateral load 

test (Snyder, 2004).  With the verified proposed method, a parametric study was 

conducted to investigate the effects of scour-hole dimensions and pile group 

configurations on the lateral responses of pile groups.  Secondly, we assessed the 

suitability of applying the standard methods (API, FHWA-DP, and FHWA-DS) that are 

developed for scoured single isolated piles to analyze scoured pile groups.  This 

mistaken use can occur as a result of lacking specifications for scoured pile groups in 

the present design standards. 

This paper starts with a review of existing solutions for calculation of the vertical 

effective stresses at piles under local scour conditions, which is required for 

development of the first approach, followed by development and verification of the 

proposed method with the aid of 3D FE analyses.  Subsequently, the results of 182 cases 

of parametric analyses for scoured pile groups in soft clays are presented, in which the 

standard methods are critically assessed, and some design-related issues are discussed.   

5.3 Review of standard methods for estimation of post-scour 

vertical effective stress  

For the first approach to the analysis of laterally loaded piles under local scour, the 

calculation of 𝜎𝑧,sc
′   is the premise.  After 𝜎𝑧,sc

′   is estimated for different local-scour 
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conditions, the p-y curves for piles in soft clays can be improved to account for the 

effect of scour-hole dimensions on the lateral responses of piles.  In this section, the 

standard methods (API, FHWA-DP, and FHWA-DS) for the calculation of 𝜎𝑧,sc
′  for a 

single isolated pile is first reviewed, which is then extended for a pile group if 

mistakenly used.  The incorporation of 𝜎𝑧,sc
′  to modify p-y curves is detailed in the next 

section.  

 

 

Figure 5.3 Scour-hole model and stress distribution in the standard methods 

Figure 5.3 depicts the distribution of 𝜎𝑧,sc
′  calculated based on the standard methods, 

and the corresponding mathematical expressions are presented in Eq. (5-1).  Both API 

and FHWA-DS acknowledge the scour-induced reduction in the vertical effective stress 

of soils around the pile (i.e., unloading effect), but the reduction is only restrictive to a 

certain depth below the post-scour ground surface.  This depth is denoted as influence 

depth, zi, below which the post-scour vertical effective stress equals the pre-scour one: 

i.e., 𝜎𝑧,sc
′ = 𝜎𝑧,int

′ .  FHWA-DS assumes the influence depth to be 1.5 times the scour-

hole depth below the post-scour ground surface (zi=1.5Ssd).  API suggests the influence 

depth located at a depth of 6D below the pre-scour ground surface, which is equivalent 

to zi=3Ssd since API also recommends Ssd=1.5D.  In contrast, FHWA-DP neglects the 

unloading effect in the remaining soils; therefore, the vertical effective stress of soils 

remains unchanged after scour and zi=0.  By normalizing the post-scour stress to the 

pre-scour stress, Eq. (5-1) is transformed to Eq. (5-2).   
 

𝜎𝑧,sc
′ = {

 𝛾′𝑧(1 + 𝑆sd/𝑧i) for   𝑧 < 𝑧i
𝛾′(𝑆sd + 𝑧)       for   𝑧 ≥ 𝑧I

     (5-1) 

 

𝜎𝑧,sc
′

𝜎𝑧,int
′ = {

𝑧(𝑆sd+𝑧i)

𝑧i(𝑆sd+𝑧)
for   𝑧 < 𝑧i

1.0       for   𝑧 ≥ 𝑧I
       (5-2) 
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where z = depth below the post-scour ground surface;  𝛾′ = effective unit weight of 

soil; Ssd = local-scour depth for a single isolated pile.  It is important to note that Eq. (5-

1) is used only for scoured single piles.  However, if it is applied to scoured pile groups, 

Ssd in Eqs. (5-1) and (5-2) may be replaced by the scour-hole depth of the pile group, 

Sgd.   

5.4 Development of the proposed method  

This study proposes a new method for analyzing the lateral behavior of pile groups 

in soft clays under local scour conditions through the combined use of the first approach 

(i.e., calculation of 𝜎𝑧,sc
′ ) and the second approach (i.e., application of post-scour wedge 

failure model).  The procedure of the first approach was modified from Jiang and Lin 

(2021) that is established for pile groups in sands.  The second approach was established 

for the leading row of piles only based on the method of Lin et al. (2016).  The proposed 

method is encoded in MATLAB program, which enables calculation of both vertical 

effective stresses and lateral responses of pile groups in soft clays subjected to local 

scour.   

5.4.1 Post-scour vertical stresses around piles in a pile group 

In the proposed method, the scour-hole geometry is slightly modified from rounded 

edges (Figure 5.1) to sharp edges (Figure 5.4) for mathematical deriving convenience, 

while both frustums share equivalent bottom area (Ab=LbWb), length-to-width ratio 

(Lb/Wb), scour-hole slope angle (S), and scour-hole depth (Sgd).  Note that Lb and Wb 

are the length and width of the simplified scour-bottom surface, respectively.  This 

simplified scour-hole shape with sharp edges is also used in centrifuge tests 

(Kariyawasam et al., 2020).  Besides, a Cartesian coordinate system is adopted to define 

the scour-hole dimensions and pile locations in Figure 5.4, with its origin located at the 

upper-left corner of the scour-hole bottom and y and z axes pointing toward the lateral 

load and downward directions, respectively.   
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Figure 5.4 (a) 3D illustration, (b) plan view, (c) cross-section view of the proposed 

model for deriving post-scour vertical stresses at piles, and (d) localized view of 

passive failure wedge  

The 𝜎𝑧,sc
′   at individual piles in a pile group is the summation of the vertical 

effective stresses resulting from the soil overburden below and above the post-scour 

ground surface, i.e., 𝜎𝑧,sc
′ = 𝜎𝑧

′ + Δ𝜎𝑧
′.  The former can be easily calculated using 𝜎𝑧

′ =

𝛾′𝑧 where z refers to the depth below the bottom of scour hole, while the latter (called 

additional vertical effective stress, Δ𝜎𝑧
′ ) is calculated based on the discretized soil 

columns above the post-scour ground surface.  As shown in Figures 5.4(b) and (c), the 

remaining soils above the post-scour ground surface are discretized into a series of soil 

columns that have a width x=y=0.02D and varied height hj=0-Sgd within the sloping 

ground domain (sidewall) but a greater width x=y=0.5D and constant height hj=Sgd 

within the leveled pre-scour ground domain.  Considering D is sufficiently small 

relative to the soil domain, individual piles are simplified as vertical lines.  Accordingly, 

Δ𝜎𝑧
′ is derived from the Boussinesq point load solution by integrating the contributions 

from the self-weight of soil columns.  The integration covers a finite area with 

boundaries located at a distance of 200D from the nearest crest of the scour-hole slope, 

beyond which soil overburden has no effect on Δ𝜎𝑧
′.  Therefore, for an m×n rectangular 
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pile group, Δ𝜎𝑧
′  for different piles at a given depth, z, below the post-scour ground 

surface can be expressed as  

 

[
 
 
 
∆𝜎𝑧,1

′

∆𝜎𝑧,2
′

⋮
∆𝜎𝑧,𝑚𝑛

′ ]
 
 
 

𝑚𝑛×1

= [

Ψ1,1 Ψ1,2
Ψ2,1 Ψ2,2

… Ψ1,𝐽
… Ψ2,𝐽

⋮     ⋮
Ψ𝑚𝑛,1 Ψ𝑚𝑛,2

⋱   ⋮ 
… Ψ𝑚𝑛,𝐽

]

𝑚𝑛×𝐽

[

𝑃1
𝑃2
⋮
𝑃𝐽

]

𝑚𝑛×𝐽

   (5-3) 

 

Ψ𝑖,𝑗 =
3𝑧3

2𝜋[(𝑥p−𝑥s)2+(𝑦p−𝑦s)2+𝑧2]2.5
    (𝑖 = 1,2, … ,𝑚𝑛 and 𝑗 = 1,2, … , 𝐽)  (5-4) 

 

where J = number of discretized soil columns; Pj = self-weight of the jth soil column, 

Pj =𝛾′hjxy; I,j = influence factor depending on the distance (Lij) between the point 

of interest at the ith pile, (xp, yp), and the center of the jth soil column bottom, (xs, ys).  

Subsequently, for a given depth, z, post-scour vertical effective stresses at individual 

piles in an m×n group are written as  

 

[
 
 
 
𝜎𝑧,sc,1
′

𝜎𝑧,sc,2
′

⋮
𝜎𝑧,sc,𝑚𝑛
′ ]

 
 
 

𝑚𝑛×1

= 𝜂

{
 
 

 
 

[

𝛾′𝑧
𝛾′𝑧
⋮
𝛾′𝑧

]

𝑚𝑛×1

+

[
 
 
 
∆𝜎𝑧,1

′

∆𝜎𝑧,2
′

⋮
∆𝜎𝑧,𝑚𝑛

′ ]
 
 
 

𝑚𝑛×1}
 
 

 
 

≤

[
 
 
 
𝜎𝑧,int,1
′

𝜎𝑧,int,2
′

⋮
𝜎𝑧,int,𝑚𝑛
′

]
 
 
 

𝑚𝑛×1

  (5-5) 

 

where  is a factor to consider the soil-pile interface adhesion that would resist soil 

stress release by scour.  It was estimated through back-figuring the results of vertical 

effective stress in a series of 3D FE models simulating local scour (Jiang and Lin, 2021).  

It is important to note that the  obtained here is for piles in clays, which is different 

from that in sands (Jiang and Lin, 2021) as the soil-pile interface behavior is dictated 

by undrained adhesion rather than drained friction.  A detailed discussion is given in 

Section 5.6.  Eq. (5-5) can be presented in a normalized form: i.e., vertical stress ratio 

in Eq. (5-6).  The foregoing procedure invoking Eqs. (5-3)-(5-6) constitutes the first 

step of the proposed method concerning the calculation of 𝜎𝑧,sc
′  at individual piles in a 

pile group.  The second step is presented in the next section.   

 

[
 
 
 
𝜎𝑧,sc,1
′ 𝜎𝑧,int

′⁄

𝜎𝑧,sc,2
′ 𝜎𝑧,int

′⁄

⋮
𝜎𝑧,sc,𝑚𝑛
′ 𝜎𝑧,int

′⁄ ]
 
 
 

𝑚𝑛×1

=
1

𝛾′(𝑧+𝑆gd)
∙

[
 
 
 
𝜎𝑧,sc,1
′

𝜎𝑧,sc,2
′

⋮
𝜎𝑧,sc,𝑚𝑛
′ ]

 
 
 

𝑚𝑛×1

≤ [

1
1
⋮
1

]

𝑚𝑛×1

  (5-6) 

 

Since the standard methods are essentially developed based on the influence depth, 

zi.  Here, zi for individual piles can be derived from the proposed method by equating 
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Ae determined by Eqs. (5-6) and (5-7) to that by Eqs. (5-2) and (5-7).  The results will 

be useful in assessing the rationality of different assumptions of zi by the standard 

methods. 
 

𝐴e = ∫ (1 −
𝜎𝑧,sc
′

𝜎𝑧,int
′ ) d𝑧

𝐿e
0

       (5-7) 

 

where Ae = area enclosed by the depth distribution of 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  as illustrated in 

Figure 5.5; Le = pile embedment relative to the post-scour ground surface.  This step 

allows obtaining a range of zi for individual piles in scoured pile groups.  An example 

of calculated zi is presented in Figure 5.5 and the results will be discussed in Section 

5.6.   

 

Figure 5.5 Profiles of vertical stress ratios at different pile positions in a 5×3 pile 

group (Sgd=1.5De, Swb=0, and S=26.6°) 
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5.4.2 Post-scour lateral response of pile group 

The second step of the proposed method is to modify the existing p-y curves for 

soft clays (Matlock, 1970) to be capable of accommodating varying scour-hole 

dimensions, as expressed in Eqs. (5-8)-(5-10).  The key of this step is the modification 

of the ultimate soil resistance through substituting an equivalent depth, ze, in Eq. (5-10), 

where ze is determined by Eq. (5-11) using 𝜎𝑧,sc
′  determined in the previous section.  For 

a pile group under lateral loading, a reduction factor (also called p-multiplier, fm) is used 

to account for the geotechnical group effect.   

 

𝑝 = {
0.5𝑓m𝑝u,sc√𝑦 𝑦50⁄3

𝑓m𝑝u,sc                   

   for    𝑦 ≤ 8𝑦50
   for    𝑦 > 8𝑦50

    (5-8) 

 

𝑦50 = 2.5𝜀50𝐷          (5-9) 
 

𝑝u,sc = min[(3 + 𝛾
′𝑧e 𝑐u⁄ + 𝐽s𝑧e 𝐷⁄ )𝑐u𝐷, 9𝑐u𝐷]  (5-10) 

 

𝑧e = 𝜎𝑧,sc
′ /𝛾′          (5-11) 

 

where pu,sc = post-scour ultimate soil resistance per unit length; y50 = lateral 

deflection at one-half of the ultimate soil resistance; 50 = strain at one-half of the 

maximum stress, typically taken as 0.01; Js = empirical coefficient, typically taken as 

0.5 (Matlock, 1970); cu = undrained shear strength of clay.  The forgoing procedures 

(steps 1 and 2) comprise the first approach involving the modification of p-y curves 

using 𝜎𝑧,sc
′ .  The limitation of this approach is that it does not account for the shear 

failure plane that can develop in the remaining soil above the post-scour ground surface 

because this part of soil is treated as overburden pressures.  This would result in an 

underestimate of lateral ultimate resistance, in particular for the leading row of piles.  

This is confirmed by Figure 5.6, where both shear stress and displacement contours 

indicate a potential wedge failure plane that could extend to the slope in front of the 

leading row.  To address this issue, the second approach employing the wedge failure 

model (in Figure 5.4) was considered to modify the p-y curve for the leading row of 

piles when the surrounding soils reach an ultimate state instead of the first approach.  

Accordingly, ze of the trailing rows (Row No. ≥2) and the leading row (Row No. =1) 

were calculated separately, with the former being calculated using the first approach 

[Eqs. (5-3)-(5-5) plus Eqs. (5-8)-(5-11)] while the latter by the second approach [Eqs. 
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(5-12)-(5-17) plus Eqs. (5-8)-(5-10)].  Eqs (5-12)-(5-17) are based on the concept of 

establishing an equivalent failure wedge without scour hole that has the same ultimate 

soil resistance as that with scour hole [Figure 5.4(d)].  The equivalence allows the 

equivalent depth, ze, of the leading row to be determined.  Greater details can be referred 

to Lin et al. (2016).   

 

 

Figure 5.6 Post-scour (a) shear stress and (b) resultant displacement fields of 

soils around a 5×3 pile group (Sgd=1.0De, Swb=0, and S=26.6°)  

 

𝐹sc = {

𝐹0                        0 < 𝑧 ≤ 𝑆wb

𝐹1    𝑆wb < 𝑧 ≤ 𝑆wb + 𝑆gd Θ⁄

𝐹2               𝑧 > 𝑆wb + 𝑆gd Θ⁄
   and   𝑆𝜃 < 90° − 𝛽 = 45°   (5-12) 

 

𝐹sc = {
𝐹0           0 < 𝑧 ≤ 𝑆wb

𝐹2   𝑧 > 𝑆wb
   and   𝑆𝜃 ≥ 90° − 𝛽 = 45°     (5-13) 

 

𝐹0 = (0.5𝛾′𝐷 + √2𝑐u)𝑧
2 + 2𝑐u𝐷𝑧          (5-14) 

 

𝐹1 = (0.5𝛾
′𝐷 + √2𝑐u)[𝑧

2 + Θ(𝑧 − 𝑆wb)
2] + 2𝑐u𝐷[𝑧 + Θ(𝑧 − 𝑆wb)]   (5-15) 
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𝐹2 = (0.5𝛾′𝐷 + √2𝑐u) [(𝑧 + 𝑆gd)
2
− 𝑆gd(2𝑆wb + 𝑆gd cot 𝑆𝜃)] + 2𝑐u𝐷(𝑧 + 𝑆gd) 

                 (5-16) 
 

𝐹sc = (0.5𝛾′𝐷 + √2𝑐u)𝑧e
2 + 2𝑐u𝐷𝑧e          (5-17) 

 

where Fsc = post-scour ultimate resistive force, taken as F0, F1, or F2 based on the 

location of the slope failure plane;  = passive failure angle for undrained clays; 

=tanS/(1-tanS).   

In summary, the post-scour p-y curves of the trailing rows of piles and the leading 

row of piles were developed using ze, which was obtained by combined use of the first 

and second approaches.  However, for the standard methods, only the first approach 

was used to generate post-scour p-y curves for both leading row and trailing rows: i.e., 

using Eqs. (5-1) and (5-11) to determine ze, and then invoking Eqs. (5-8)-(5-10).   

5.4.3 Implementation and verification  

The post-scour p-y curves generated from the preceding procedures were further 

incorporated into the Euler-Bernoulli beam equation for piles (Reese and Van Impe, 

2001), from which the lateral behavior of a pile group in soft clays under local scour 

was analyzed.  To implement the analysis, a MATLAB script based on the central finite 

difference algorithm with Newton’s iteration was developed and is attached as a 

supplementary file.  Since no experimental test concerning scoured pile groups in soft 

clays is currently available for comparison, the proposed method was verified against 

the results of 3D continuum FE analyses in ABAQUS.   

5.5 3D Finite element analyses 

The 3D FE models included a baseline no-scour model and a series of post-scour 

models.  The baseline FE model was established by comparing the numerical results to 

those of a full-scale lateral load test.  After the baseline model was validated, it was 

then “scoured” to generate a series of post-scour models with various scour-hole 

dimensions.   
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5.5.1 Baseline no-scour model  

The full-scale lateral load test of a 5×3 pile group performed at the Salt Lake City 

International Airport (Snyder, 2004) was used to establish the baseline 3D FE model 

under a no-scour condition.  The piles were steel pipes with 324 mm outer diameter, 

9.5 mm thickness, and 12.1 m length, and the pile spacing parallel and normal to the 

lateral load direction (sx and sy) was 3.92D and 3.29D, respectively.  The subsurface 

soil encountered was primarily soft clays and silts in the upper three meters (or 9.3D), 

followed by sands with interbedded clays.  Since the lateral responses of piles are 

primarily determined by the upper 10D depth of soils, the piles were assumed to be 

embedded in a single clay layer in this study (Brown et al., 1988; Rollins et al., 1998).  

During the test, the water table was maintained at the initial ground surface, and the 

pile head was set as a free-head condition (i.e., free to rotation and translation) since 

the pile heads were pin jointed with a loading frame.  The pile group was laterally 

loaded to a prescribed displacement of 89 mm (or 0.27D) at the pile head.   

During the 3D numerical modeling, the pipe pile was modeled as a solid pile 

sharing the same flexural rigidity, Rp, and outside diameter, D, as the original pipe pile.  

The detailed pile parameters are summarized in Table 5.1.  The middle pile in each row 

was equipped with angle iron to protect strain gauges during installation, which 

increased Rp (and thus elastic modulus, Ep) of the pile by 23% (Snyder, 2004).  Because 

the bending stress was below the yield strength of pile during the test, the piles were 

simulated with a linear elastic material in the 3D FE models.  The soil was modeled as 

an elastoplastic material with Mohr-Coulomb failure criterion, and the parameters are 

also shown in Table 5.1.  As with Lin et al. (2016), the undrained shear strength used in 

the FE model (cuc) was taken as 70% of the measured average value (cu=43.6 kPa) to 

account for the anisotropic feature and secondary structures of clays (Kulhawy and 

Mayne, 1990).  The undrained modulus, Es, was taken as 7qc (qc = CPT tip resistance) 

(Bowles, 2012), which is approximately equal to 361cuc.  Overall, the values of cuc and 

Es were consistent with other studies (cuc=27-40 kPa, Es=9.7-15 Mpa or 359cuc-375cuc) 

(Hazzar et al., 2017, 2013; Hussien et al., 2010) where the layered soil profile at the 

same site was explicitly modeled.  The soil-pile interface was simulated with a pressure-

overclosure model in the normal direction and a Coulomb model with a friction 

coefficient of 0.5 in the tangential direction (Achmus and Abdel-Rahman, 2005; 

Khodair and Abdel-Mohti, 2014; Nicholas, 2014).  This helped minimize the soil-pile 
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interpenetration and simulate the gapping effect.  The soil-pile interface connected the 

master surface (on the pile) with the slave surface (on the soil).   

Table 5.1 Parameters of pile and soil 

Part  Parameter  Value  Description  

Pile (linear elastic) L (m) 12.1 Total length  

Leo (m) 11.6 Pre-scour embedded length 

D (m) 0.324 Diameter 

Ip (m4) 5.41×10-4 Moment of inertia 

Rp (kN·m2) 23231 and 28600 Flexural rigidity1 

Ep (Gpa) 42.95 and 52.87 Elastic modulus2 

My (kN·m) 350 Yielding bending moment 

p 0.3 Poisson’s ratio 

Soil (Mohr-Coulomb)  (kN/m3) 19.1 Total unit weight  

cuc (kPa) 30.5 Undrained shear strength 

Es (Mpa) 11 Undrained elastic modulus 

s 0.48 Poisson’s ratio 

Note: 1the flexural rigidity of the middle pile in each row was increased from 23231 kN·m2 to 28600 
kN·m2 to consider the effect of angle iron (Snyder, 2004); 2accordingly, it was achieved by increasing 
the elastic modulus in the 3D FEM.   
 

Only half model (Figure 5.1) was established owing to the symmetry of the lateral 

loads and the model geometry.  The bottom of the model was fully constrained, while 

the vertical boundaries were fixed for all movements except the vertical movement.  

The side boundaries were set at a distance of 20D from the nearest edge of the pile 

group (Feng et al., 2016; Hazzar et al., 2017) while the bottom boundary (i.e., model 

base) was 10D below the pile tip (Lin and Lin, 2020).  A total of 87012 elements were 

generated in the baseline FE model.  Figures 5.7 and 5.8 show the calculated results 

that are compared with the measured.  Overall, the results are agreeable between the 

numerical modeling and the field measurement, which validates the baseline 3D FE 

model.   
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Figure 5.7 Lateral load-deflection curves at the head of (a) pile cap and piles in 

the (b) 1st, (c) 2nd, (d) 3rd, (e) 4th, and (f) 5th rows of a 5×3 pile group under no-

scour condition 
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Figure 5.8 Bending moment profiles of the (a) 1st, (b) 2nd, (c) 3rd, (d) 4th, and (e) 

5th rows of a 5×3 pile group under no-scour condition 

5.5.2 Post-scour FE model 

Based on the baseline FE model, post-scour models were developed.  The shape of 

scour hole was modeled as an inverted truncated pyramid with a rounded-quadrilateral 

cross section (Figure 5.1).  Besides creating the scour hole, post-scour models refined 
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side boundaries and meshing from the baseline model.  Firstly, to eliminate boundary 

effects on scour-induced unloading, the side boundaries of the post-scour FE model 

were set at a distance of 18D (parallel to the lateral load) and 9D (perpendicular to the 

lateral load) from the nearest crest of the scour-hole slope (Figure 5.1).  Secondly, soils 

in the scour hole were simulated using tetrahedral elements to accommodate the 

complex scour-hole geometry, and a transition mesh zone with tetrahedral elements was 

defined to connect the scour-hole domain and the surrounding soil domain defined with 

brick elements.  Once the initial stress fields of soil and pile were solved, scour was 

simulated by deactivating the soil elements and soil-pile interactions within the scour 

hole.  Ten scour scenarios (Sgd/De=0.5-2.5, S=0°-42°, and Swb=0) were analyzed using 

the 3D FE models as shown in Table 5.2.  The 3D FE analyses were primarily used to 

verify the proposed method, and therefore, the cases used for the 3D FE model were 

less than those for the proposed method.   

As described previously, to reflect group configuration effect on scour extents, 

scour depth is normalized by effective group diameter, De, which can be determined 

below and illustrated in Figure 5.2, while greater details can be referred to Sheppard 

(2003).   
 

𝐷e = 𝐾ℎ𝐾𝑠𝐾𝑚𝑊p        (5-18) 
 

𝐾𝑠 = 1 −
4

3
(1 −

𝑊𝑠𝑝

𝑊p
) [1 − (

𝑠

𝐷
)
−0.6

]    (5-19) 

 

𝐾𝑚 = { 
𝑓1𝑓2  for 𝛼f ≤ 3°
1       for 𝛼f > 3°

       (5-20) 

 

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

         (5-21) 

 

𝑓2 = {

(0.5 − 0.5 𝑓1⁄ ) 𝑠 𝐷⁄ + 1.5 𝑓1⁄ − 0.5                             for 1 ≤ 𝑠 𝐷⁄ ≤ 3
(0.143 𝑓1⁄ − 0.143) 𝑠 𝐷⁄ − 0.429 𝑓1⁄ + 1.429      for 3 < 𝑠 𝐷⁄ ≤ 10 

1.001 𝑓1⁄ − 0.001                                                                 for 𝑠 𝐷⁄ > 10 

 (5-22) 

 

where Kh, Ks, and Km are the multipliers accommodating for the height of the head 

of pile group, the pile spacing, and the number of piles, respectively; Kh=1 if the head 

of pile group is above the water level; Wp is the projected width of pile group, which is 

obtained by summing the unobstructed projected widths of the piles in the first upstream 

column and the first two upstream rows onto a vertical plane normal to the flow; Wsp is 
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the projected width of an individual pile in the group (Wsp=D for a circular pile); f is 

the flow skew angle; s is the pile spacing, taken as the smaller one when sx ≠ sy.  

Table 5.2 Details of parametric analyses 

Investigated 

factor 

Scour-hole dimensions Pile group 

configuration 

Analysis 

method 

fm
1 

Sgd (×D) Sgd 

(×De) 

S (°) m×n sx 

(×D) 

sy 

(×D) 

Scour-hole 

slope angle 

3.6 1.5 0, 12, 

20, 

26.6, 

35, 42 

5×3 3.92 3.29 FEM, 

proposed 

method, 

standard 

methods 

Field test 

(Snyder, 

2004) 

Scour-hole 

depth 

1.2, 2.4, 

3.6, 4.8, 

6.1 

0.5, 1.0, 

1.5, 2.0, 

2.5 

26.6 5×3 3.92 3.29 

Number of 

piles 

3.0 2.0 26.6 2×2 3 3 Proposed 

method, 

standard 

methods 

ASSHTO 

(2012) 1.4 3×3 

1.1 4×4 

2.1 1.4 26.6 2×2 3 3 

3.0 3×3 

4.0 4×4 

Pile spacing 3.0 1.4 26.6 3×3 3 3 

1.7 4 4 

1.9 5 5 

2.1 6 6 

3.0 1.4 26.6 3×3 3 3 

2.5 4 4 

2.2 5 5 

2.0 6 6 

Pile group 

shape 

2.5, 5.1, 

7.6, 10.2 

0.7, 1.4, 

2.1, 2.8 

26.6 6×5 3 3 

1.0, 2.0, 

3.0, 4.0 

10×3 

1.3, 2.5, 

3.8, 5.0 

15×2 

2.5, 5.1, 

7.6, 10.2 

0.7, 1.4, 

2.1, 2.8 

26.6 6×5 3 3 

1.8, 3.6, 

5.4, 7.2 

10×3 

1.4, 2.8, 

4.3, 5.7 

15×2 

Note: 1the p-multiplier, fm, of the 5×3 pile group was determined from the field test (Snyder, 2004), while 
the fm of the other pile groups investigated herein was evaluated from ASSHTO (2012).   
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5.6 Results and discussion 

The parametric analyses were conducted using the proposed method, standard 

methods, and 3D FE method (FEM) with the details summarized in Table 5.2.  The 

results of post-scour vertical effective stress and influence depth are first presented, 

followed by lateral responses of pile groups in soft clays considering different scour-

hole dimensions and pile group configurations.  The discussion is focused on 

verification of the proposed method and assessment of the suitability of applying the 

standard methods to analyze scoured pile groups in soft clays.   

5.6.1 Post-scour vertical effective stresses around piles 

The scour effect on the vertical effective stress of soils around pile is presented 

using 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄ .  Figure 5.5 shows the depth distribution of 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  for individual 

piles at different locations in the 5×3 pile group when Sgd=1.5De (or 3.6D), Swb=0, and 

S=26.6°.  From the 3D FEM, 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  was equal to zero at the post-scour ground 

surface and gradually increased to one at the influence depth (zi=10D-15D or 2.8Sgd-

4.1Sgd), beyond which 𝜎𝑧,sc
′  was equal to 𝜎𝑧,int

′  (i.e., the influence of scour on the vertical 

effective stress ceased).  This demonstrated that the influence of scour-induced 

unloading was limited to a depth of 2.5-4.5 times scour-hole depth.  The 3D FE analyses 

also indicated slight discrepancies of the stress distribution along pile between piles, 

with the inner piles having a deeper zi than the outer piles.   

Besides the 3D FEM results, Figure 5.5 also shows the results of the proposed 

method and standard methods.  Since FHWA-DP neglects the unloading effect of local 

scour on soil, the post-scour stress remained the same as the pre-scour stress, and 

therefore, 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  equaled one at all depths.  Contrarily, the other standard methods 

acknowledge the scour-induced reduction in 𝜎𝑧,sc
′  , and produced similar profiles as 

compared to the 3D FEM, with API giving a more agreeable comparison of zi to the 3D 

FEM but FHWA-DS yielding a better match of 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  distribution to the 3D FEM.  

However, none of these standard methods (API, FHWA-DP, and FHWA-DS) could 

consider the variation in 𝜎𝑧,sc
′ 𝜎𝑧,int

′⁄  between different piles.  For the proposed method, 

as discussed previously the soil-pile interface adhesion that could counteract the 

unloading of soil by local scour was considered.  In other words, the scour-induced 

reduction in 𝜎𝑧,sc
′  was smaller due to the presence of soil-pile interface resistance (Jiang 



 

Page 137 of 198 

and Lin, 2021; Lin and Jiang, 2019).  To account for this effect, an empirical factor, , 

was included in the proposal method [Eq. (5-5)] as did by Jiang and Lin (2021).  The 

value of  was derived from a series of separate 3D FE analyses by merely scouring 

the soils and then evaluating the soil stress for different scour depths and pile group 

configurations, and the results are presented in Table 5.3.  As with Jiang and Lin (2021), 

 was primarily affected by scour depth but almost not affected by pile group 

configurations, and therefore Table 5.3 presents the value of  only as a function of 

scour depth.   

Table 5.3 Correction factor for considering soil-pile interface resistance 

Sgd (×D) 1 2 4 ≥ 6 

 1.1 1.2 1.4 1.6 
 

Table 5.4 Influence depths of a 5×3 pile group under different scour-hole depths 

(Swb=0 and S=26.6°) 

Sgd 

(×De) 

Sgd 

(×D) 

Proposed influence depths, zi (×Sg), of piles at different locations in 

the group1 

(1,1) (1,2) (1,3) (2,1) (2,2) (2,3) Mean 

0.5 1.2 3.46 4.37 4.46 4.21 5.73 5.90 4.69 

1.0 2.4 2.07 2.46 2.50 2.38 2.97 3.04 2.57 

1.5 3.6 1.51 1.74 1.77 1.69 2.02 2.07 1.80 

2.0 4.8 1.20 1.36 1.38 1.32 1.54 1.57 1.39 

2.5 6.1 1.00 1.12 1.14 1.09 1.25 1.28 1.15 

Note: 1influence depths are provided for representative piles (1,1), (1,2), (1,3), (2,1), (2,2), and (2,3) as 
symmetry, as illustrated in the plan view of the 5×3 pile group (Figure 5.5).   
 

Using the proposed method, a series of zi was calculated as discussed previously.  

The results are presented in Table 5.4, which is only for the scoured 5×3 pile group.  

For other configurations of pile group under local scour, zi values are also provided in 

Supplementary Tables S5.1-S5.7 for practical use of foundation design against local 

scour.  Overall, for a typical scour depth such as Sgd=1.4De, zi fell in a range of 1.3Sgd-

2.7Sgd on average, with the lower and upper bounds closely agreeing with zi=1.5Sgd 

recommended by FHWA-DS   and zi=3.0Sgd by API, respectively.  However, for a 

smaller scour depth (e.g., Sgd=0.7De), FHWA-DS and API tended to underestimate zi 

(as compared with zi=3.0Sgd-4.5Sgd), while for a larger scour depth (e.g., Sgd=2.8De), 

FHWA-DS and API tended to overestimate zi (as compared with zi=1.1Sgd-1.5Sgd).  In 

general, the calculated zi increased with increased pile spacing or decreased scour-hole 

depth.  This finding is consistent with that for the scoured pile groups in sands (Jiang 

and Lin, 2021).  Besides, the difference in zi between the corner pile and the central pile 
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ranged from 0.2Sgd to 2.7Sgd.  In contrast, the standard methods recommend a constant 

value of zi, which was thus independent of different pile spacing, scour-hole depth, or 

pile position, and apparently, this is technically incorrect.   

5.6.2 Post-scour lateral responses of pile groups  

Based on the parametric analyses (Table 5.2), the results of post-scour lateral 

responses of pile groups in soft clays were obtained, which included the lateral load-

deflection curves at pile head, lateral load capacity ratio [as defined by (Lin and Lin, 

2020)], and bending moment of piles.  Figure 5.9 shows the lateral load-deflection 

curves at the pile head (5×3 pile group) before and after scour.  In general, the proposed 

method produced agreeable and conservative results as compared to the 3D FEM, 

particularly when the lateral deflection was within the tolerant range for bridge 

foundations (0.25-2 inch or 6.35-50.8 mm) (Paikowsky et al., 2004).  To assess the 

effect of local scour on the lateral responses of a pile group, the lateral capacity of the 

pile group at post-scour conditions was compared to that at initial or pre-scour 

conditions, and a ratio between them is defined as the lateral capacity ratio.  The lateral 

capacity was taken as the lateral load causing 1-inch (25.4 mm) deflection at the head 

of pile group (Lin and Lin, 2020).  Therefore, the lateral capacity ratio should be less 

than one for scour conditions and a smaller value indicates a greater loss in the lateral 

capacity caused by scour.   

 

Figure 5.9 Lateral load-deflection curves at the head of pile group under 

different scour-hole depths (5×3 pile group, Swb=0, and S=26.6°) 

In the subsequent sections, the results presented are focused on the lateral capacity 
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ratio and bending moment.  Firstly, the results of the 3D FE analyses were compared 

with the proposed method and the standard methods for the 5×3 pile group under 

varying scour-hole slope angles and depths.  The purpose of this part was to verify the 

proposed method considering different scour-hole dimensions.  Subsequently, the 

effects of pile group configurations including the number of piles, pile spacing, and pile 

group shape were investigated using the proposed method and the standard methods.   

5.6.2.1 Effect of scour-hole slope angle  

Figure 5.10 shows the lateral capacity ratio of the 5×3 pile group under different 

S (0°-42°) while Sgd and Swb were kept as 1.5De (or 3.6D) and 0, respectively.  Note 

that when S=0°, the local scour around the pile group became a general scour.  From 

the 3D FEM, the lateral capacity ratio increased by 18% as S increased from 0° to 42°, 

and the increase became negligible when S≥20°.  In other words, the lateral capacity 

decreased by 15% when S decreased from 42° to 0°, indicating that simplifying local 

scour (e.g., S≥20°) as general scour (S=0°) could underestimate the lateral capacity by 

15%.  As compared to the 3D FEM, the proposed method underestimated the lateral 

capacity ratio by no more than 6%.   

 

 

Figure 5.10 Lateral capacity ratio varied with scour-hole slope angle (5×3 pile 

group, Sgd=1.5De, and Swb=0) 

Moreover, the proposed method properly captured the variation of the lateral 

capacity ratio with S.  This result confirmed the validity of the proposed method.  In 

contrast, the standard methods could not consider the variations of S, and therefore, 

the results are featured by horizontal lines in Figure 5.10.  In comparison with the 3D 

FEM, FHWA-DP overestimated the lateral capacity ratio by 5%-24% in the entire range 
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of S examined herein, which is unsafe particularly for small S.  Likewise, API and 

FHWA-DS overestimated the lateral capacity ratio (≤12%) when S≤12°, but 

underestimated the lateral capacity ratio (≤9%) at a larger S.  Since S≤12° was also 

observed in field (Jiang and Lin, 2021), the use of the standard methods could cause an 

unsafe design in practice.   

The effect of S on the maximum bending moment, Mmax, was found to be more 

significant in the leading piles than the trailing piles, and the bending moment of the 

leading row of piles usually dominated the design demand.  Therefore, the results of 

Mmax of the leading piles (5×3 pile group) are presented here.  Technically speaking, 

Mmax of the leading piles can increase with S due to an increased passive earth pressure 

developed in front of them.  This is confirmed by the results from the 3D FEM and the 

proposed method in Figure 5.11, in which the post-scour Mmax of the leading row of 

piles was normalized by the pre-scour Mmax [Figure 5.11(a)] and the post-scour Mmax at 

S=0° [Figure 5.11(b)], respectively.  Although the proposed method yielded slightly 

smaller results than the 3D FEM [Figure 5.11(a)], the trend determined from the two 

methods matched exceptionally well [Figure 5.11(b)], showing an 8% increase in Mmax 

as S increased from 0° to 42°.  However, the standard methods failed to manifest this 

trend.   

 

Figure 5.11 Effects of scour-hole slope angle on maximum bending moments of 

leading row pile normalized by (a) pre-scour value and (b) the value at S=0° 

(5×3 pile group, Sgd=1.5De, and Swb=0)  

As discussed previously, a stress concentration zone could develop in front of the 

leading row of piles, which led to a higher lateral soil resistance to the leading piles at 

this location.  Figure 5.12 shows the calculated ultimate lateral soil resistance per unit 

length, pu,sc, at the leading piles varied by S.  The results were calculated for a depth of 
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5D below the post-scour ground surface, where the soil-pile interaction was significant.  

The increase in S is anticipated to increase the passive earth pressure and ultimate soil 

resistance at the leading piles.  As indicated by the proposed method, pu,sc increased by 

27% when S increased from 0° to 42° for the case studied (Sgd=1.5De and Swb=0).  The 

increase in pu,sc tended to be insignificant when S≥26.6°.  However, the results of pu,sc 

from the standard methods were independent of S, which is incorrect.   
 

 

Figure 5.12 Ultimate lateral soil resistance per length of pile (z=5D) in leading 

row vs. scour-hole slope angles (5×3 pile group, Sgd=1.5De, and Swb=0) 

 

5.6.2.2 Effect of scour-hole depth  

Effect of scour depth was evaluated by varying Sgd from 0 to 2.5De while keeping 

the other two dimensions: S=26.6° and Swb=0.  As described previously, S=26.6° is 

often adopted for a scour hole in bridge foundations (Arneson et al., 2012), and 

therefore it was used herein.  Figure 5.13 shows the lateral capacity ratio of the 5×3 pile 

group with varying Sgd.  From the 3D FEM, the lateral capacity ratio decreased from 

1.0 to 0.39 as Sgd increased from 0 to 2.5De (or 6.1D), indicating a 61% loss in lateral 

capacity in soft clays.  This amount of loss in lateral capacity was greater than that in 

sands for a similar scour depth (e.g., a 58% loss as Sgd increased from 0 to 2.8De) (Jiang 

and Lin, 2021).  In general, the proposed method compared well with the 3D FEM, with 

an average underestimate of 6%.  This confirms that the proposed method was able to 

consider the effect of Sgd on the lateral responses of pile groups.  Despite only applying 

for single isolated piles, API and FHWA-DS produced almost the same results as the 

proposed method when S=26.6°.  Surprisingly, even though it is theoretically incorrect, 

FHWA-DP also produced agreeable results with the 3D FEM, with an overestimate of 

<7% when Sgd>1.0De.  This number is much smaller than that for pile groups in sands 
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(47%) (Jiang and Lin, 2021).  This is because as opposed to sands, the undrained 

properties of soft clays (e.g., undrained shear strength) were insensitive to the scour-

induced change in overburden immediately after scour.  The undrained properties can 

be modified by scour if the consolidation (by scour) is allowed to fully complete, which 

however is a long-term process.  In this study, the analyses were only focused on the 

short-term properties of soils immediately after scour.  

 

Figure 5.13 Lateral capacity ratio varied with scour-hole depth (5×3 pile group, 

Swb=0, and S=26.6°) 

Figures 5.14(a) and (b) show the magnitude and location of the maximum bending 

moment (Mmax and zM,max) determined by the 3D FE analyses, when the lateral 

deflection at the pile head was 25.4 mm. The magnitude of Mmax decreased by 20%-37% 

as Sgd increased from 0 to 2.5De (or 6.1D), with a lower decrease found at the leading 

row of piles and a larger decrease at the trailing-most row (Row 5).  The magnitude at 

the leading row was approximately 12%-28% higher than the average value of the 

trailing rows under different Sgd.  This was expected as the lateral loads carried by the 

leading piles increased when Sgd increased, resulting in a larger passive failure wedge 

to be mobilized in front of them.  Figure 5.14(b) shows that the location of Mmax also 

varied with Sgd.  Overall, the location moved toward the post-scour ground surface by 

a distance equal to De (or 2.5D) as Sgd increased from 0 to 2.5De.  Similar results were 

obtained by the proposed method as compared to the 3D FEM, as shown in Figure 5.15 

where the post-scour Mmax was normalized by the pre-scour one.  Except FHWA-DP, 

both API and FHWA-DS produced agreeable results with the proposed method; 

therefore, only results from FHWA-DP are presented in Figure 5.15.  
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In summary, based on the discussion in the previous two sections, the proposed 

method could provide agreeable results as compared to the 3D FEM.  Therefore, 

credence is given to the proposed method.  In the following sections, the results were 

obtained from the proposed method and the standard methods, focusing on the effects 

of the number of piles, pile spacing, and pile group shape.   

 

 

Figure 5.14 Effects of scour-hole depth on (a) maximum bending moment and (b) 

location corresponding to the maximum bending moment of different pile rows 

(5×3 pile group, Swb=0, and S=26.6°) 

 

 

Figure 5.15 Comparison of the normalized maximum bending moment 

computed by different methods (Sgd=0.5De-2.5De, Swb=0, and S=26.6°) 
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5.6.2.3 Effects of number of piles and pile spacing 

The dual group effects for a scoured pile group are dependent on the pile group 

configuration (i.e., number of piles, pile spacing, and group shape).  The hydraulic 

group effect was indicated by relating the scour depth to the effective diameter, De 

(Sheppard, 2003) while the geotechnical group effect was considered using the p-

multiplier evaluated from ASSHTO (2012).  As such, the scour depth expressed as Sgd 

(×De) allows examining both hydraulic and geotechnical group effects, while that 

expressed as Sgd (×D) only manifests the sole geotechnical group effect because the p-

multiplier is already included in the lateral response analyses for the pile group 

regardless of which way to normalize the scour depth.   

Table 5.5 first shows at the same Sgd (×D), the lateral capacity ratios of three pile 

groups with the spacing of 3D but different sizes: 2×2 (Sgd=3D=2De), 3×3 

(Sgd=3D=1.4De), and 4×4 (Sgd=3D=1.1De).  It shows that the proposed method and the 

standard methods except FHWA-DP produced similar results, and an increase in the 

number of piles had a negligible effect on the geotechnical group effect.  This was 

expected as the average p-multiplier per pile suggested by ASSHTO (2012) was not 

varied considerably by the size of pile group.  Note that the above results were 

calculated for the same Sgd (×D), which precluded the hydraulic group effect.  This is 

not realistic in practice as a square pile group with a greater number of piles tends to 

develop a deeper scour hole (Table 5.2).  To include the hydraulic group effect, the 

scour depth was expressed using the effective group diameter, i.e., Sgd (×De), and the 

three pile groups were reanalyzed using Sgd=1.4De (i.e., Sgd=2.1D, 3.0D, and 4.0D for 

2×2, 3×3, and 4×4, respectively).  The results of the lateral capacity ratios for the same 

Sgd=1.4De are also shown in Table 5.5.  Again, all the methods except FHWA-DP 

produced similar results.  As indicated by the proposed method, the lateral capacity 

ratio decreased by 24% as the number of piles increased from 4 to 16, showing an 

opposite trend as compared with that under the same Sgd (×D).  This is because that the 

value of De was larger for a larger size of square pile group, which thus resulted in a 

greater Sgd when Sgd/De was kept constant.  This result indicated that when the dual 

group effects were considered, the variation in the lateral capacity ratio became more 

significant.  In other words, the hydraulic group effect prevailed over the geotechnical 

group effect.  
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Table 5.5 Effect of number of piles on the lateral capacity ratio (Sgd=3.0D vs. 

Sgd=1.4De) 

Pile 

group 

(m×n) 

Lateral capacity ratio (Sgd=3.0D, Swb=0, 

and S=26.6°) 

Lateral capacity ratio (Sgd=1.4De, 

Swb=0, and S=26.6°) 

Proposed 

method 

API FHWA-

DP 

FHWA-

DS 

Proposed 

method 

API FHWA-

DP 

FHWA-

DS 

2×2 0.62 0.60 0.68 0.62 0.72 0.73 0.77 0.73 

3×3 0.63 0.62 0.69 0.64 0.63 0.62 0.69 0.64 

4×4 0.64 0.63 0.70 0.65 0.55 0.54 0.63 0.56 
 

As described in the introduction section, when the pile spacing s≤5D, local scour 

can be approximated with global scour.  Herein, for completeness, a typical range of 

pile spacing (s=3D-6D) for a pile group used in practice was considered.  For 5D<s≤6D, 

the global scour was conservatively assumed to develop to the bottom of the localized 

pit.  Figure 5.16(a) shows the lateral capacity ratio of a 3×3 pile group with varying pile 

spacing when Sgd=3D, in which only geotechnical group effect was examined.  All the 

methods produced similar results except FHWA-DP which overestimated the lateral 

capacity ratio by 10%.  

 

 

Figure 5.16 Effects of pile spacing on lateral capacity ratios of a 3×3 pile group 

when (a) Sgd=3.0D and (b) Sgd=1.4De (Swb=0 and S=26.6°) 

Overall, these results were found to be consistent with that of scoured pile groups 

in sands (Jiang and Lin, 2021; Lin and Lin, 2020).  From the proposed method, the 

lateral capacity ratio decreased by 8% as the pile spacing increased from 3D to 6D, 

indicating a slightly more loss in the lateral capacity.  However, this change was small, 

and thus scour-related geotechnical group effect was small with the changes in pile 
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spacing.  To consider the dual hydraulic and geotechnical group effects, the analyses 

were conducted by considering Sgd=1.4De and the results are presented in Figure 5.16(b).  

In this case, the lateral capacity ratio increased by 12% as s increased from 3D to 6D, 

showing an opposite trend as compared with Figure 5.16(a).  Note that an increase in s 

for the 3×3 pile group resulted in a decrease in De; therefore, the increase in s decreased 

Sgd when Sgd=1.4De as seen in Table 5.2.  The reduction in De was up to 34% for the 

range of s investigated.  The above results also demonstrated that the hydraulic group 

effect governed scour effect on the lateral response of pile groups.  This result also 

implied that increasing pile spacing could attenuate the dual group effects, and therefore, 

mitigate the scour-induced loss in the lateral capacity.   

5.6.2.4 Effect of pile group shape 

The effect of pile group shape was investigated for three pile groups with different 

arrangements (m×n=6×5, 10×3, 15×2) but the same number of piles (30) and pile 

spacing (s=3D).  The results are presented in Figure 5.17.   

 

 

Figure 5.17 Effects of pile group shape (6×5, 10×3, and 15×2) on lateral capacity 

ratios when (a) Sgd=5.1D and (b) Sgd=1.4De (Swb=0 and S=26.6°) 

All the methods developed similar results except FHWA-DP.  As shown in Figure 

5.17(a), when the hydraulic group effect was precluded, the effect of increasing the 

aspect ratio of pile group (approximately equal to m/n) on the lateral capacity ratio was 

slight, e.g., only 4% increase as m/n increased from 1.2 to 7.5.  Figure 5.17(b) shows 

the lateral capacity ratio when Sgd=1.4De to account for the dual hydraulic and 

geotechnical group effects.  Compared with Figure 5.17(a), the variation in the lateral 
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capacity ratio became more significant.  This is due to the incorporation of the hydraulic 

group effect.  The increase in m/n caused a decrease in De and therefore Sgd value when 

Sgd/De was fixed (as shown in Table 5.2).  The lateral capacity ratio increased by 45% 

when m/n increased from 1.2 to 7.5.  The above results also highlighted the dominant 

role of the hydraulic group effect.  As with Jiang and Lin (2021), the use of a rectangular 

pile group (i.e., increasing m/n) could reduce the scour-induced loss in the lateral 

capacity.   

Note that Figure 5.17 only presents the lateral capacity ratio calculated for the 

selected Sgd.  To assess the beneficial effect of increasing m/n at varying Sgd, Figures 

5.18(a) and (b) exhibit the percent increase in the lateral capacity ratio when m/n was 

increased from 1.2 to 7.5 under different Sgd (×D) and Sgd (×De), respectively.  In general, 

the lateral capacity ratio increased from 2.5% to 6.1% for the prescribed increase in m/n 

when Sgd increased from 2.5D to 10.2D.  However, the increase was more pronounced 

when the hydraulic group effect was incorporated, showing a 20%-100% increase due 

to the prescribed increase in m/n when Sgd increased from 0.7De to 2.8De.  The results 

demonstrated that the beneficial effect of employing a rectangular pile group could be 

more remarkable for a greater scour depth.   
 

 

Figure 5.18 The percent increase in lateral capacity ratio due to the increase of 

m/n varied with scour-hole depths normalized by (a) pile diameter and (b) 

effective group diameter (Swb=0 and S=26.6°) 

In general, the lateral capacity ratio increased from 3% to 6% for the increase in 

m/n when Sgd increased from 2.5D to 10.2D.  However, the increase was more 

pronounced when the hydraulic group effect was incorporated, showing 20%-100% 
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increase due to the increase in m/n for Sgd=0.7De-2.8De.  The results demonstrated that 

the beneficial effect of employing a rectangular pile group could be more significant in 

increased scour extent with greater Sgd.   

5.7 Conclusions 

This study proposed a practical method to facilitate the design of laterally loaded 

pile groups in soft clays under local scour conditions.  Moreover, the standard methods 

(API, FHWA-DP, and FHWA-DS) were also critically assessed by comparing them 

with the proposed method.  The following conclusions were obtained from this study:  

(1) The results from the proposed method agreed well with those from the 3D FEM, 

which verified the proposed method.  The normalized influence depth, zi/Sgd, 

determined from the proposed method was found to increase with the increase in 

pile spacing or the decrease in scour depth.  It also varied with the pile position in 

a pile group with a larger influence depth at the inner piles than at the perimeter 

piles.  For typically used scour-hole dimensions (Sgd=1.4De, S=26.6°, Swb=0), zi/Sgd 

ranged between 1.3 and 2.7, which was approximately bounded by the values 

recommended by FHWA-DS (zi/Sgd =1.5) and API (zi/Sgd =3.0).   

(2) For a typical scour-hole shape (S=26.6° or 30°) used in practice, all the three 

standard methods (API, FHWA-DS, and FHWA-DP) could be used to predict the 

lateral capacity ratio of pile groups in soft clays with the margin of error <8%.  

However, they overestimated the lateral capacity ratio when S<12°, which could 

result in an unsafe design, and the overestimation was most considerable for 

FHWA-DP (up to 24%).   

(3) The increase in scour-hole depth decreased the lateral capacity and maximum 

bending moment of the pile group, and shifted the location of the maximum 

bending moment upward relative to the post-scour ground surface.  Contrarily, the 

increase in the scour-hole slope angle increased the passive earth pressure in front 

of the leading row of piles, and therefore increased the lateral capacity and 

maximum bending moment of the pile group.   

(4) The post-scour lateral responses of pile groups were dependent on both hydraulic 

group effect and geotechnical group effect, in which the hydraulic group effect was 

found to be more profound.  When the dual group effects were considered, the 
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scour-induced loss in the lateral capacity could be reduced by increasing the pile 

spacing and decreasing the number of piles.  However, ignoring the hydraulic 

group effect produced an opposite trend.   

(5) Given the same number of piles, the scour-induced loss in the lateral capacity was 

more significant in a square pile group than a rectangular pile group.  This effect 

was intensified with the increase in the scour extent.  Therefore, a rectangular pile 

group is recommended in the design of pile groups against scour.   

5.8 Notation 

b = area of scour-hole bottom 

Ae = area enclosed by the 'z,sc'z,int profile and the right vertical axis ('z,sc'z,int=1.0) 

in the depth distribution of vertical stress ratio  

cu = undrained shear strength of clay 

cuc =undrained shear strength of clay used in 3D FEM  

D = pile diameter  

De = effective diameter of a pile group defined by Sheppard (2003)  

Ep = elastic modulus of pile  

Es = undrained elastic modulus of soil 

F0 = post-scour ultimate soil resistance in force units when 0<z≤Swb  

F1 = post-scour ultimate soil resistance in force units when Swb<z≤Swb+Sgd/ and S° 

Fsc = post-scour ultimate soil resistance in force units when z>Swb+Sgd/ and S° or 

when z>Swb and S≥° 

fm = p-multiplier (usually ≤1.0) that considers geotechnical pile group effect  

hj = height of soil column defined in the proposed method, j =1, 2, …, J 

J = number of soil columns 

Js = empirical coefficient in Matlock’s p-y curve for soft clay, typically taken as 0.5 

Kh= multiplier accommodating for the height of the pile top in the determination of De 

Km= multiplier accommodating for the number of piles in the determination of De 

Ks= multiplier accommodating for the pile spacing in the determination of De 

L = pile length  

Lb = length of the scour-hole bottom in the proposed method  

Le = pre-scour embedded length of pile  

Lij = distance between the point of interest in the ith pile to the center of the jth soil 
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column bottom, i= 1, 2, …, mn  

Ip = moment of inertia of pile  

Mmax = maximum bending moment of pile  

My = yielding bending moment of pile  

m = number of piles in-line with the lateral load direction  

n= number of piles normal to the lateral load direction  

Pj = weight of the jth soil column, j =1, 2, …, J 

Rp = flexural rigidity of pile  

p = lateral soil resistance per unit length of a pile 

pult = ultimate lateral soil resistance per unit length of a pile 

pu,sc = post-scour ultimate lateral soil resistance  

qc = cone penetration resistance  

Sgd = scour-hole depth around a pile group  

Ssd = scour-hole depth around a single isolated pile  

Swb = scour-hole bottom width around a pile group  

S = scour-hole slope angle around a pile group  

s = center-to-center pile spacing (s is used when sx=sy) 

sx = center-to-center pile spacing in-line with the lateral load direction  

sy = center-to-center pile spacing normal to the lateral load direction  

Wb = width of the scour-hole bottom in the proposed method  

Wp = projected width of pile group in the determination of De  

Wsp = projected width of an individual pile in the pile group in the determination of De 

(xp, yp) = coordinates of the ith pile  

(xs, ys) = coordinates of the jth soil column  

y = lateral soil displacement 

y50 = lateral displacement of pile at one-half of the ultimate lateral soil resistance  

z = depth below post-scour ground surface  

ze = equivalent depth that considers scour effect, ze= 'z,sc/’ 

zi = influence depth that considers scour effect, below which 'z,sc = 'z,int 

zM,max = distance from scour bottom to location of the maximum bending moment  

f = flow skew angle  

 = angle of the passive failure wedge with the ground surface, =45° for undrained 

clay 

’ = effective unit weight of soil  
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s =saturated unit weight of soil  

x = width of soil column on x direction in the proposed method  

y = width of soil column on y direction in the proposed method  

'z = vertical effective stress resulting from soil overburden above the post-scour 

ground surface 

50 = strain corresponding to one-half of the maximum principal stress difference, 

typically taken as 0.01 

 = a semi-empirical correction factor to account for the effect of soil-pile interface 

friction on retaining vertical effective stress in soils after scouring 

 = a pramaeter given by tanS/(1-tanS) 

p = poison’s ratio of pile  

s = Poisson’s ratio of soil  

'z = vertical effective stress resulting from soil overburden below the post-scour 

ground surface 

'z,sc = post-scour vertical effective stress of soil at pile  

ij = influence factor depending on Lij  
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Chapter 6 Future Work 

This research investigated the scour effects on the vertical effective stresses of 

single piles and pile groups, the lateral responses of the monopile-supported offshore 

wind turbines (OWTs) under seismic loading, and the lateral responses of the pile 

groups under static loading.  Further research can be conducted on the following topics: 

(1) Using the developed computer scripts based on the proposed methods in Chapters 

2 and 3, seismic fragility analysis can be performed for the monopile-supported 

OWTs under scoured conditions.  The fragility curves can serve as a more 

convenient indicator for the seismic design against scour.   

(2) A further study is needed to modify the rotational springs and base shear springs 

for a large diameter pile (e.g., monopile) under the local scour condition.  This 

allows incorporating the scour effect into the PISA design model, which is a new 

method developed in the Pile Soil Analysis Project (PISA) and is deemed as a more 

rigorous design method for the monopile.   

(3) Based on the post-scour vertical effective stress evaluated in Chapters 4 and 5, post-

scour t-z and q-z springs for a pile group can be developed to further investigate 

the vertical behavior of pile groups under local scour conditions.   

(4) The dynamic behavior of pile groups under the combined effects of local scour and 

earthquakes can be investigated by incorporating the proposed methods in Chapters 

4 and 5 into the framework of dynamic soil-structure interactions.   

(5) Analytical methods and numerical simulations are also needed to investigate the 

scour effect on the lateral and/or vertical responses of single piles and pile groups 

in layered soils.   
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Appendices 

Firstly, Appendix A presents the supplementary figures discussed in Chapter 3.  

Subsequently, Appendices B and C present the supplementary tables and supplementary 

figures, respectively, for Chapter 4. Lastly, Appendix D presents the supplementary 

tables discussed in Chapter 5.   

The developed computer scripts discussed in Chapters 2 to 5 are available from 

Mendeley Data: Jiang, W., 2021, Developed Computer Scripts for “Static and Seismic 

Responses of Pile-Supported Marine Structures under Scoured Conditions”. Mendeley 

Data, V1, doi: 10.17632/5btcx9fdjv.1.  Alternatively, these computer codes may also be 

acquired by contacting the authors via the UVic emails: wenyujiang@uvic.ca; 

chenglin918@uvic.ca.   

  

mailto:wenyujiang@uvic.ca
mailto:chenglin918@uvic.ca
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Appendix A: Supplementary Figures of Chapter 3 

 

Figure S3.1 Profiles of pre-scour normalized free-field accelerations 

 

 

Figure S3.2 Profiles of post-scour normalized free-field accelerations (Sdl=0.5Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 
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Figure S3.3 Profiles of post-scour normalized free-field accelerations (Sdl=1.0Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 

 

 

Figure S3.4 Profiles of post-scour normalized free-field accelerations (Sdl=1.3Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 
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Figure S3.5 Profiles of post-scour normalized free-field accelerations (Sdl=1.5Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 

 

 

Figure S3.6 Profiles of post-scour normalized free-field accelerations (Sdl=2.0Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 
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Figure S3.7 Profiles of post-scour normalized free-field accelerations (Sdl=2.5Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 

 

 

Figure S3.8 Profiles of post-scour normalized free-field accelerations (Sdl=3.0Dop, 

Swb=0, S=30°, and Sdg=0.1Sdl) 
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Figure S3.9 Comparison of mean profiles of normalized free-field accelerations 

before and after scour 
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Appendix B: Supplementary Tables of Chapter 4 

Table S4.1 Measured dimensions of scour holes around pile groups in sands from 

literature (entire table) 

Type Reference Flow condition f 

(°) 
Pile group 

(m×n) 

s (×D) De 

(×D) 

Sgd 

(×D) 

Sgd 

(×De) 

Field 

survey 

Sun et al. 

(2007) 

Wave and 

current 

N/A 2×2 N/A N/A 1.67-

1.92 

N/A 

Bayram and 

Larson (2000) 

Oscillatory 

wave 

<10 2×2 (rhombus 

shape) 

4.45 1.33 1.00-

3.50 

0.75-

2.63 

Flume 

test 

L. Ma et al. 

(2018) 

Live-bed steady 

current 

0 49 piles 

(dumbbell 

shape) 

2.37 N/A 3.57 N/A 

Live-bed tidal 

current 

2.39-

2.90 

Liang et al. 

(2017) 

Clear-water 

steady current 

0 1×2 1 2.00 1.33 0.67 

2 1.55 1.23 0.80 

4 1.25 1.13 0.91 

8 1.05 1.10 1.05 

2×1 1 1.00 1.06 1.23 

2 1.06 0.92 1.10 

4 1.11 0.85 1.02 

8 1.04 0.84 1.06 

3×3 1 3.00 1.67 0.56 

2 1.81 1.17 0.64 

Wang et al. 

(2016a) 

Clear-water 

steady current 

0 2×1 2 1.06 1.10-

1.25 

1.04-

1.18 

3 1.13 0.95-

1.15 

0.84-

1.02 

4 1.11 0.72-

1.08 

0.65-

0.98 

6 1.07 1.13-

1.18 

1.06-

1.10 

8 1.04 1.00-

1.28 

0.97-

1.24 

10 1.00 1.00-

1.22 

1.00-

1.22 

Wang et al. 

(2016b) 

Clear-water 

steady current 

0 3×1 2 1.13 1.27 1.13 

3 1.25 1.37 1.09 

4 1.21 1.57 1.29 

5 1.18 1.47 1.24 

6 1.14 1.47 1.28 

8 1.07 1.43 1.34 

10 1.00 1.43 1.43 

Amini et al. 

(2014) 

Clear-water 

steady current 

0 2×2 2 1.64 2.13 1.30 

(3, 4, 3)×3 In-line: 3.05 

normal4: 2.95  

2.23 3.18 1.43 

4×2 2 1.84 2.57 1.40 

4×2 2.48 1.84 2.29 1.25 

5×2 in-line: 3.83, 

normal4: 0.17  

1.82 2.50 1.38 

Lança et al. 

(2013) 

Clear-water 

steady current 

0 4×1 1 1.00 3.06 3.06 

2 1.19 3.20 2.69 

3 1.38 3.04 2.21 

4.5 1.29 2.98 2.30 

6 1.21 2.72 2.24 

15 1 1.80 3.14 1.74 

2 1.87 3.04 1.62 

3 1.86 3.24 1.75 

4.5 1.62 3.66 2.26 

6 1.37 3.40 2.49 

30 1 2.60 4.92 1.89 

2 2.64 4.84 1.83 

3 2.07 4.24 2.05 

4.5 1.62 3.96 2.44 

6 2.37 3.54 2.59 

(To be continued on the next page) 
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Table S1.  (Continued.) 

Type Reference Flow condition f 

(°) 
Pile group 
(m×n) 

s 
(×D) 

De 
(×D) 

Sgd 
(×D) 

Sgd 
(×De) 

Flume 

test 

Lança et al. (2013) Clear-water steady 

current 

45 4×1 1 3.20 6.32 1.98 

2 2.64 3.50 1.33 

3 2.07 3.12 1.51 

4.5 1.62 3.16 1.95 

6 1.37 2.88 2.11 

90 1 4.00 7.08 1.77 

2 2.64 3.80 1.44 

3 2.07 3.50 1.69 

4.5 1.62 3.18 1.96 

6 1.37 2.51 1.86 

0 4×2 1 2.00 5.22 2.61 

2 1.84 3.70 2.01 

3 1.87 3.66 1.96 

4.5 1.56 2.92 1.87 

6 1.36 3.12 2.29 

15 1 2.80 5.98 2.14 

2 2.64 4.80 1.82 

3 2.50 3.66 1.47 

4.5 2.04 4.10 2.01 

6 1.61 4.08 2.54 

30 1 3.80 6.32 1.66 

2 3.19 6.62 2.08 

3 2.43 5.56 2.29 

4.5 1.83 4.34 2.37 

6 1.49 4.00 2.69 

45 1 3.80 6.70 1.76 

2 3.19 5.14 1.61 

3 2.43 4.88 2.01 

4.5 1.83 3.78 2.07 

6 1.49 3.54 2.38 

90 1 4.00 7.38 1.85 

2 2.64 4.24 1.61 

3 2.07 3.78 1.83 

4.5 1.62 3.56 2.19 

6 1.37 2.82 2.07 

0 4×3 1 3.00 6.54 2.18 

2 2.49 4.22 1.70 

3 2.36 4.16 1.77 

4.5 1.83 4.36 2.38 

6 1.51 2.78 1.84 

15 1 3.80 5.68 1.49 

2 3.51 4.80 1.37 

3 3.07 4.22 1.38 

4.5 2.45 3.56 1.45 

6 1.85 3.16 1.71 

30 1 4.20 6.94 1.65 

2 4.50 7.56 1.68 

3 3.49 5.60 1.60 

4.5 2.45 4.74 1.93 

6 1.85 4.56 2.46 

45 1 4.60 7.18 1.56 

2 3.73 6.58 1.76 

3 2.78 5.58 2.01 

4.5 2.04 3.64 1.79 

6 1.61 3.20 1.99 

90 1 4.00 6.56 1.64 

2 2.64 5.10 1.93 

3 2.07 3.74 1.81 

4.5 1.62 3.02 1.86 

6 1.37 2.90 2.12 

Sumer et al. (2005) Live-bed steady 

current 

0 4×4 2 3.13 0.66 0.21 

2.5 2.96 0.63 0.21 

3 2.85 0.68 0.24 

Zhao and Sheppard 

(1998) 

Steady current 0 8×3 3 2.57 2.14 0.83 

Note: 1effective diameters of pile group with matrix configuration (m×n) were computed according to Sheppard (2003) for 

both steady current flow and wave flow (Butch, 1996), while the effective diameter of circular configuration was evaluated 



 

Page 181 of 198 

according to Butch (1996).   2top width and 3side slope angle were estimated by assuming a cone-shape scour hole.  

According to Sun et al. (2007), Swt=7.5D-10.87D and S=12°-15°; according to Bayram and Larson (2000), Swt=3.75D-

11.25D and S=5°-15°; 4pile spacing in-line with the flow and normal to flow are different, and effective diameter was 

computed using the pile spacing in-line with the flow (Sheppard, 2003).  Besides the literature provided in the manuscript, 

two other studies are referenced here, including: Wang, H., Tang, H., Liu, Q., Wang, Y., 2016a. Local scouring around 

twin bridge piers in open-channel flows. J. Hydraul. Eng. 142, 06016008. https://doi.org/10.1061/(ASCE)HY.1943-

7900.0001154; Wang, H., Tang, H., Xiao, J., Wang, Y., Jiang, S., 2016b. Clear-water local scouring around three piers in 

a tandem arrangement. Sci. China Technol. Sci. 59, 888–896. https://doi.org/10.1007/s11431-015-5905-1  

  

https://doi.org/10.1061/(ASCE)HY.1943-7900.0001154
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001154
https://doi.org/10.1007/s11431-015-5905-1
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Table S4.2 Scour-hole characteristics of four different scenarios 

Case 

No. 

Method Investigated 

factor 

Global scour-hole dimensions1 Localized pit 

dimensions 

Sgd,g 

(×D)2 
S (°)3 Sgd,l (×D)4 Sl 

(°)5 upstream downstream 

1 FEM Unequal slope 

angles 

3.00 26.6 13.3 N/A N/A 

2 Uneven scour 

bottom 

1.65 26.6 26.6 1.35 (leading 

row), 0.9 

(middle row), 

0.45 (back row) 

42 

3 Unequal slope 

angle and 

uneven scour 

bottom 

1.65 26.6 13.3 1.35 (leading 

row), 0.9 

(middle row), 

0.45 (back row) 

42 

4 Symmetrical 

and uniform 

scour hole 

3.00 26.6 26.6 N/A N/A 

Note:  1scour-hole bottom widths were assumed to be zero at individual piles as no experimental data is 
available;  2Sgd,g and 3S are depth and side slope angle of global scour at pile group, respectively, S was 
taken as 26.6° upstream (Arneson et al., 2012) but 13.3° downstream (Harris and Whitehouse, 2014) in 
Case 1;  4Sgd,l and 5Sl are depth and side slope angle of localized pits at individual piles, and Sl was set 
to be less than the internal friction angle of sand (43°) but large enough to avoid forming crests between 
localized pits for numerical stability;  the ratio of Sgd,g to the maximum value of Sgd,l was taken as 1.22 in 
Cases 2 and 3, falling within a typical range of 0.44-1.41 (Sumer et al., 2005).   
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Table S4.3 Influence depths of 2×2 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)1  

2 1.6 0.7 2.4 

1.4 1.9 

2.1 1.7 

2.8 1.4 

3 1.5 0.7 4.2 

1.4 3.0 

2.1 2.5 

2.8 2.2 

4 1.4 0.7 7.1 

1.4 4.6 

2.1 3.6 

2.8 2.9 

Note: 1indicates influence depth of corner pile in a 2×2 (square configuration) pile group. 
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Table S4.4 Influence depths of 3×3 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)1 

(1,1) (1,2) (2,2) mean 

2 2.4 0.7 2.2 2.4 2.8 2.5 

1.4 1.7 1.8 2.0 1.8 

2.1 1.5 1.6 1.7 1.6 

2.8 1.4 1.4 1.5 1.4 

3 2.1 0.7 3.0 4.6 3.6 3.7 

1.4 2.5 3.3 2.8 2.9 

2.1 2.2 2.6 2.4 2.4 

2.8 2.0 2.3 2.1 2.1 

4 1.8 0.7 6.7 8.6 11.5 8.9 

1.4 4.3 5.1 6.2 5.2 

2.1 3.3 3.8 4.3 3.8 

2.8 2.8 3.1 3.5 3.1 

Note: 1influence depths of a 3×3 (square configuration) pile group are provided for representative piles 
as symmetry, as illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) 

(2,1) (2,2) (2,3) 

(3,1) (3,2) (3,3) 
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Table S4.5 Influence depths of 4×4 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)1 

(1,1) (1,3) (2,2) mean 

2 3.1 0.7 1.8 2.0 2.4 2.1 

1.4 1.5 1.6 1.8 1.7 

2.1 1.4 1.4 1.6 1.5 

2.8 1.3 1.4 1.5 1.4 

3 2.9 0.7 3.1 3.8 4.8 3.9 

1.4 2.6 2.9 3.4 3.0 

2.1 2.1 2.3 2.6 2.3 

2.8 2.0 2.1 2.3 2.2 

4 2.3 0.7 6.1 8.0 11.1 8.4 

1.4 3.8 4.6 5.8 4.7 

2.1 3.0 3.4 4.0 3.5 

2.8 2.6 2.9 3.3 2.9 

Note: 1influence depths of a 4×4 (square configuration) pile group are provided for representative piles 
as symmetry, as illustrated in the plan view of the pile group.   
 

(1,1) (1,2) (1,3) (1,4) 

(2,1) (2,2) (2,3) (2,4) 

(3,1) (3,2) (3,3) (3,4) 

(4,1) (4,2) (4,3) (4,4) 
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Table S4.6 Influence depths of 6×5 pile groups under different pile spacings and 

scour-hole depths 

s 

(×D) 

De 

(×D) 

Sgd 

(×De) 

zi (×Sgd)1 

(1,1) (1,2) (1,3) (2,1) (2,2) (2,3) (3,1) (3,2) (3,3) mean 

2 4.0 0.7 1.8 2.1 2.1 2.1 2.4 2.5 2.1 2.5 2.6 2.2 

1.4 1.4 1.5 1.6 1.5 1.7 1.7 1.5 1.7 1.8 1.6 

2.1 1.3 1.4 1.4 1.4 1.5 1.5 1.4 1.5 1.6 1.4 

2.8 1.4 1.4 1.5 1.4 1.5 1.5 1.4 1.5 1.6 1.5 

3 3.6 0.7 2.6 3.1 3.3 3.1 4.0 4.2 3.2 4.2 4.5 3.6 

1.4 2.0 2.3 2.4 2.3 2.7 2.8 2.4 2.8 2.9 2.5 

2.1 1.9 2.1 2.2 2.1 2.3 2.4 2.1 2.4 2.5 2.2 

2.8 1.9 2.0 2.1 2.0 2.2 2.3 2.1 2.3 2.3 2.1 

4 2.8 0.7 4.9 6.4 6.9 6.4 9.0 9.8 6.7 9.6 10.5 7.8 

1.4 3.0 3.7 3.9 3.7 4.6 4.9 3.8 4.8 5.2 4.2 

2.1 2.6 3.0 3.1 3.0 3.5 3.7 3.1 3.7 3.9 3.3 

2.8 2.6 3.0 3.1 3.0 3.4 3.5 3.0 3.5 3.6 3.2 

Note: 1influence depths of a 6×5 (square configuration) pile group are provided for representative piles 
as symmetry, as illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) 

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) 

(3,1) (3,2) (3,3) (3,4) (3,5) (3,6) 

(4,1) (4,2) (4,3) (4,4) (4,5) (4,6) 

(5,1) (5,2) (5,3) (5,4) (5,5) (5,6) 
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Table S4.7 Influence depths of 10×3 pile groups under different pile spacings and 

scour-hole depths 

s 

(×D) 

De 

(×D) 

Sgd 

(×De) 

zi (×Sgd)
1 

(1,1) (1,2) (1,3) (1,4) (1,5) (2,1) (2,2) (2,3) (2,4) (2,5) mean 

2 2.6 0.7 2.1 2.4 2.5 2.5 2.5 2.3 2.7 2.8 2.9 2.9 2.6 

1.4 1.7 1.9 2.0 2.0 2.0 1.8 2.1 2.1 2.2 2.2 2.0 

2.1 1.5 1.6 1.7 1.7 1.7 1.6 1.7 1.8 1.8 1.8 1.7 

2.8 1.4 1.5 1.6 1.6 1.6 1.5 1.6 1.6 1.7 1.7 1.6 

3 2.6 0.7 3.6 4.4 4.7 4.7 4.8 4.3 5.4 5.8 5.9 5.9 4.9 

1.4 2.6 3.1 3.2 3.3 3.3 2.9 3.5 3.7 3.7 3.8 3.3 

2.1 2.2 2.5 2.6 2.6 2.7 2.4 2.7 2.9 2.9 2.9 2.6 

2.8 2.0 2.2 2.3 2.4 2.4 2.2 2.4 2.5 2.6 2.6 2.4 

4 2.1 0.7 6.3 8.5 9.2 9.4 9.5 8.0 11.4 12.4 12.7 12.9 10.0 

1.4 3.8 4.7 5.0 5.2 5.2 4.4 5.7 6.1 6.3 6.4 5.3 

2.1 3.1 3.6 3.8 3.9 4.0 3.4 4.2 4.4 4.5 4.6 4.0 

2.8 2.6 3.0 3.2 3.2 3.3 2.9 3.4 3.5 3.6 3.7 3.2 

Note: 1influence depths of a 10×3 pile group are provided for representative piles as symmetry, as 
illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) (1,9) (1,10) 

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) (2,7) (2,8) (2,9) (2,10) 

(3,1) (3,2) (3,3) (3,4) (3,5) (3,6) (3,7) (3,8) (3,9) (3,10) 
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Table S4.8 Influence depths of 15×2 pile groups under different pile spacings and 

scour-hole depths 

s 

(×D) 

De 

(×D) 

Sgd 

(×De) 

zi (×Sgd)1 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) mean 

2 1.9 0.7 1.4 2.1 2.4 2.4 2.5 2.5 2.5 2.5 2.5 

1.4 2.7 1.9 2.1 2.1 2.2 2.2 2.2 2.2 2.2 

2.1 4.1 1.5 1.7 1.7 1.7 1.8 1.8 1.8 1.8 

2.8 5.4 1.4 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

3 2.0 0.7 1.4 2.7 3.4 3.5 3.6 3.6 3.6 3.6 3.6 

1.4 2.8 2.3 2.7 2.8 2.8 2.9 2.9 2.9 2.9 

2.1 4.3 2.0 2.3 2.4 2.4 2.4 2.4 2.4 2.4 

2.8 5.7 1.8 2.0 2.0 2.1 2.1 2.1 2.1 2.1 

4 1.8 0.7 1.2 6.7 9.0 9.5 9.7 9.7 9.8 9.8 9.8 

1.4 2.5 4.2 5.2 5.4 5.5 5.6 5.6 5.6 5.6 

2.1 3.7 3.2 3.8 4.0 4.1 4.1 4.2 4.2 4.2 

2.8 5.0 2.7 3.1 3.3 3.3 3.4 3.4 3.4 3.4 

Note: 1influence depths of a 15×2 pile group are provided for representative piles as symmetry, as 
illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) (1,9) (1,10) (1,11) (1,12) (1,13) (1,14) (1,15) 

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) (2,7) (2,8) (2,9) (2,10) (2,11) (2,12) (2,13) (2,14) (2,15) 
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Appendix C: Supplementary Figures of Chapter 4 

 

Figure S4.1  3D FE model of four scour-hole scenarios at a 3×3 pile group (half 

model): (a) Case 1, (b) Case 2. (c) Case 3, and (d) Case 4 

 
 
 
 
 
 

 

Figure S4.2 Lateral capacities of a 3×3pile group (s=5D) under four scour-hole 

scenarios 
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Figure S4.3 Lateral capacity ratios of (a) 6×5, (b) 10×3, and (c) 15×2 pile groups 

(s=3D) under different scour-hole depths (Swb=0, S=0° and 26.6°)  

  

 1 

 2 
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Figure S4.4 Lateral capacity ratios of (a) 6×5, (b) 10×3, and (c) 15×2 pile groups 

(s=3D) under different scour-hole slope angles (Sgd=2.8De, Swb=0) 
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Appendix D: Supplementary Tables of Chapter 5 

Table S5.1 Influence depths of 2×2 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)1  

3 1.5 0.7 3.7 

1.4 2.2 

2.1 1.6 

2.8 1.3 

4 1.4 0.7 3.3 

1.4 2.3 

2.1 1.8 

2.8 1.3 

5 1.3 0.7 3.9 

1.4 2.5 

2.1 1.8 

2.8 1.4 

Note: 1indicates influence depth of corner pile in a 2×2 (square configuration) pile group. 
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Table S5.2 Influence depths of 3×3 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)1 

(1,1) (1,2) (2,2) Mean 

3 2.1 0.7 2.9 3.4 4.2 3.5 

1.4 1.7 1.9 2.2 1.9 

2.1 1.2 1.3 1.5 1.4 

2.8 1.0 1.1 1.2 1.1 

4 1.8 0.7 2.9 3.7 4.9 3.8 

1.4 1.9 2.3 2.7 2.3 

2.1 1.5 1.7 1.9 1.7 

2.8 1.2 1.3 1.5 1.4 

5 1.6 0.7 3.2 4.1 5.9 4.4 

1.4 2.1 2.5 3.3 2.6 

2.1 1.6 1.9 2.3 1.9 

2.8 1.3 1.5 1.8 1.5 

Note: 1influence depths of a 3×3 (square configuration) pile group are provided for representative piles 
as symmetry, as illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) 

(2,1) (2,2) (2,3) 

(3,1) (3,2) (3,3) 
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Table S5.3 Influence depths of 4×4 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)1 

(1,1) (1,3) (2,2) Mean 

3 2.8 0.7 2.5 2.9 3.6 3.0 

1.4 1.4 1.6 1.9 1.7 

2.1 1.0 1.1 1.3 1.2 

2.8 1.0 1.1 1.2 1.1 

4 2.3 0.7 2.6 3.3 4.1 3.3 

1.4 1.7 2.0 2.5 2.1 

2.1 1.2 1.4 1.6 1.4 

2.8 1.0 1.2 1.3 1.2 

5 1.9 0.7 3.2 4.0 5.8 4.3 

1.4 1.9 2.3 2.9 2.4 

2.1 1.4 1.6 2.0 1.6 

2.8 1.1 1.2 1.5 1.3 

Note: 1influence depths of a 4×4 (square configuration) pile group are provided for representative piles 
as symmetry, as illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) (1,4) 

(2,1) (2,2) (2,3) (2,4) 

(3,1) (3,2) (3,3) (3,4) 

(4,1) (4,2) (4,3) (4,4) 
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Table S5.4 Influence depths of 5×3 pile groups under different pile spacings and 

scour-hole depths 

s (×D) De (×D) Sgd (×De) zi (×Sgd)
1 

(1,1) (1,2) (2,1) (2,2) (2,3) Mean 

3 2.6 0.7 2.5 3.0 2.9 3.7 3.8 3.2 

1.4 1.5 1.7 1.6 1.9 2.0 1.7 

2.1 1.1 1.3 1.2 1.4 1.4 1.3 

2.8 1.0 1.1 1.1 1.2 1.2 1.1 

4 2.1 0.7 2.9 3.6 3.5 4.8 4.9 4.0 

1.4 1.7 2.0 2.0 2.4 2.5 2.1 

2.1 1.2 1.4 1.4 1.6 1.7 1.5 

2.8 1.0 1.2 1.2 1.3 1.4 1.2 

5 1.8 0.7 3.0 3.9 3.8 5.5 5.6 4.4 

1.4 2.0 2.4 2.3 3.0 3.1 2.6 

2.1 1.5 1.8 1.7 2.1 2.2 1.9 

2.8 1.1 1.3 1.3 1.5 1.6 1.4 

Note: 1influence depths of a 5×3 pile group are provided for representative piles as symmetry, as 
illustrated in the plan view of the pile group.   
 

(1,1) (1,2) (1,3) (1,4) (1,5) 

(2,1) (2,2) (2,3) (2,4) (2,5) 

(3,1) (3,2) (3,3) (3,4) (3,5) 
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Table S5.5 Influence depths of 6×5 pile groups under different pile spacings and 

scour-hole depths 

s 

(×D) 

De 

(×D) 

Sgd 

(×De) 

zi (×Sgd)
1 

(1,1) (1,2) (1,3) (2,1) (2,2) (2,3) (3,1) (3,2) (3,3) Mean 

3 3.6 0.7 2.0 2.3 2.4 2.3 2.8 3.0 2.4 2.9 3.1 2.6 

1.4 1.1 1.2 1.3 1.2 1.4 1.5 1.3 1.5 1.5 1.3 

2.1 1.0 1.1 1.1 1.1 1.3 1.3 1.1 1.3 1.3 1.2 

2.8 1.0 1.1 1.1 1.1 1.2 1.2 1.1 1.2 1.2 1.1 

4 2.8 0.7 2.5 3.0 3.1 3.0 4.0 4.2 3.1 4.1 4.4 3.5 

1.4 1.5 1.7 1.7 1.7 2.1 2.1 1.7 2.1 2.2 1.9 

2.1 1.0 1.2 1.2 1.2 1.4 1.4 1.2 1.4 1.5 1.3 

2.8 1.0 1.1 1.2 1.1 1.3 1.4 1.2 1.3 1.4 1.2 

5 2.3 0.7 2.7 3.4 3.4 3.4 4.8 5.0 3.4 5.0 5.2 4.0 

1.4 1.7 2.1 2.1 2.1 2.6 2.7 2.1 2.7 2.8 2.3 

2.1 1.2 1.4 1.4 1.4 1.7 1.8 1.4 1.8 1.8 1.5 

2.8 1.1 1.2 1.2 1.2 1.5 1.5 1.2 1.5 1.5 1.3 

Note: 1influence depths of a 6×5 pile group are provided for representative piles as symmetry, as 
illustrated in the plan view of the pile group.   
 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) 

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) 

(3,1) (3,2) (3,3) (3,4) (3,5) (3,6) 

(4,1) (4,2) (4,3) (4,4) (4,5) (4,6) 

(5,1) (5,2) (5,3) (5,4) (5,5) (5,6) 
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Table S5.6 Influence depths of 10×3 pile groups under different pile spacings and 

scour-hole depths 

s 

(×D) 

De 

(×D) 

Sgd 

(×De) 

zi (×Sgd)
1 

(1,1) (1,2) (1,3) (1,4) (1,5) (2,1) (2,2) (2,3) (2,4) (2,5) Mean 

3 2.6 0.7 2.5 3.0 3.1 3.2 3.2 3.0 3.7 3.9 3.9 4.0 3.4 

1.4 1.5 1.7 1.7 1.8 1.8 1.6 1.9 2.0 2.0 2.0 1.8 

2.1 1.2 1.3 1.3 1.3 1.3 1.3 1.4 1.5 1.5 1.5 1.3 

2.8 1.0 1.1 1.1 1.2 1.2 1.1 1.2 1.3 1.3 1.3 1.2 

4 2.1 0.7 2.9 3.6 3.7 3.7 3.7 3.5 4.8 5.0 5.0 5.0 4.1 

1.4 1.7 2.0 2.1 2.1 2.1 2.0 2.5 2.5 2.6 2.6 2.2 

2.1 1.2 1.4 1.5 1.5 1.5 1.4 1.7 1.7 1.7 1.7 1.5 

2.8 1.0 1.2 1.2 1.2 1.2 1.2 1.3 1.4 1.4 1.4 1.2 

5 1.8 0.7 3.0 3.9 3.9 4.0 4.0 3.8 5.5 5.7 5.7 5.7 4.5 

1.4 2.0 2.4 2.4 2.4 2.4 2.3 3.0 3.1 3.2 3.2 2.7 

2.1 1.5 1.8 1.8 1.8 1.8 1.7 2.1 2.2 2.2 2.2 1.9 

2.8 1.1 1.3 1.3 1.3 1.3 1.3 1.5 1.6 1.6 1.6 1.4 

Note: 1influence depths of a 10×3 pile group are provided for representative piles as symmetry, as 
illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) (1,9) (1,10) 

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) (2,7) (2,8) (2,9) (2,10) 

(3,1) (3,2) (3,3) (3,4) (3,5) (3,6) (3,7) (3,8) (3,9) (3,10) 
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Table S5.7 Influence depths of 15×2 pile groups under different pile spacings and 

scour-hole depths 

s 

(×D) 

De 

(×D) 

Sgd 

(×De) 

zi (×Sgd)1 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) mean 

3 2.0 0.7 2.7 3.2 3.3 3.4 3.4 3.4 3.4 3.4 3.3 

1.4 1.7 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.0 

2.1 1.3 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

2.8 1.1 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

4 1.8 0.7 2.8 3.6 3.7 3.7 3.7 3.7 3.7 3.7 3.6 

1.4 1.9 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.2 

2.1 1.4 1.6 1.7 1.7 1.7 1.7 1.7 1.7 1.6 

2.8 1.1 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 

5 1.6 0.7 3.2 4.1 4.2 4.2 4.2 4.2 4.2 4.2 4.0 

1.4 2.1 2.5 2.6 2.6 2.6 2.6 2.6 2.6 2.5 

2.1 1.6 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 

2.8 1.3 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.5 

Note: 1influence depths of a 15×2 pile group are provided for representative piles as symmetry, as 
illustrated in the plan view of the pile group. 
 

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) (1,9) (1,10) (1,11) (1,12) (1,13) (1,14) (1,15) 

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) (2,7) (2,8) (2,9) (2,10) (2,11) (2,12) (2,13) (2,14) (2,15) 

 

 


