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Abstract: Removal of soil around a bridge foundation due to scour results in a reduction of the lateral and vertical foundation capacity due to
the loss of soil support. The common approach in modeling the scour phenomenon of removal of soil springs without modifying the param-
eters of the remaining soil fails to consider the change of stress state of the remaining soil and the formation of scour hole geometry around the
pile foundation. In practice, both of these factors impact the mechanical properties of the remaining soil and the resulting expected structural
response of the pile under loadings. This paper proposed a methodology to comprehensively evaluate the combined effects of stress history
and scour hole dimensions on piles under scour conditions in uniform soil. It enabled the examination of the lateral and axial behaviors of a
loaded pile subject to scour and is applicable for both cohesive and cohesionless soils. The methodology was validated with results from field
tests for no-scour scenarios and verified with existing numerical models for scour scenarios. Quantification of the soil effects was investigated
through lateral pile deflection and load-settlement curves for lateral and axial behaviors, respectively. Load-settlement curves demonstrated
that including the effect of stress history results in increases of up to 34.1% and 61.1% in estimated pile settlement for sand and clay,
respectively, leading to potential unconservative designs if soil effects are not properly included in the analysis. DOI: 10.1061/(ASCE)
GT.1943-5606.0002786. © 2022 American Society of Civil Engineers.
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Introduction

Bridges built over flowing water are often susceptible to scour with
the removal of material in the streambed or bank around bridge
foundations. The erosion or removal of soil reduces bridge capacity
from the loss of both lateral and vertical support to the structure,
increasing the risk of bridge failures. Studies have estimated that
approximately 60% of bridge failures are caused by scour-related
issues (Lagasse et al. 2007). Hence, it is crucial to have an approach
to accurately capture soil–structure interaction in the modeling
of bridges under scour conditions. In recent years, Qi et al. (2016)
have studied the effects of scour on p-y curves for shallowly
embedded piles in sand. Wang et al. (2017) presented both an
experimental study and numerical simulation to investigate the
performance of sacrificial piles in reducing local scour round pile
groups. Lin and Lin (2020) demonstrated the scour effects on lat-
eral behavior of pile groups in sands. Liang et al. (2020) performed
a series of centrifuge tests on a reinforced concrete bridge with a
3 × 3 pile-group foundation to study the seismic response under
various scour conditions. Zhang et al. (2021) investigated the dy-
namic impedances of scoured monopoles for wind turbines, con-
sidering both scour hole geometries and soil stress history.

Among the existing literature, however, only limited studies
have investigated the combined effects of stress history and scour
hole dimensions on the structural behavior of foundation piles or
bridges in the presence of scour. None have provided a comprehen-
sive approach to this topic to enable a way to investigate both lateral
and axial pile behavior under scour in cohesive and cohesionless
soils, accounting for stress history and scour hole dimension ef-
fects. The following studies encapsulated the state-of-the-art soil–
structure modeling approaches used to capture soil effects in the
presence of scour.

For studies regarding the impact of soil stress history, Lin et al.
(2010, 2014b) investigated the effect of stress history on lateral
behavior of piles under scour conditions in sand and soft clay,
respectively. Liang et al. (2015) performed a buckling analysis of
bridge piles in the presence of scour, considering the impact of
stress history in soft clay. Zhang and Tien (2020) presented a meth-
odology to account for the impact of stress history in layered soils
in the risk assessment of scoured bridges. For studies regarding the
impact of scour hole dimensions, Lin et al. (2014a, 2016) proposed
a simplified method to account for the effect of scour hole geometries
on laterally loaded piles through an equivalent wedge failure model
in sand and soft clay, respectively. Later, Lin (2017) studied the loss
of pile axial capacities in the presence of scour considering scour
hole dimensions based on Boussinesq’s theory. Zhang et al. (2016)
and Liang et al. (2018) investigated the combined effect of soil stress
history and scour hole geometries on the lateral performance of piles
in clay. Recently, Lin and Jiang (2019) compared the suitability of
existing methods [i.e., Federal Highway Administration (FHWA)
and American Petroleum Institute (API)] and the proposed analytical
solution for estimating pile tension capacity using finite-element
analyses under different scour hole dimensions. Jiang et al. (2021)
proposed a new method to evaluate the postscour seismic responses
of monopole-supported offshore wind turbines, considering various
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dimensions and soil stress history changes due to different scour
levels.

Among the aforementioned literature, a comprehensive ap-
proach to account for the combined effect of stress history and
scour hole dimensions for both clay and sand on the behavior
of foundation piles is lacking. In particular, existing studies focused
on the impact of the soil effect on the lateral performance of piles
while ignoring the impact on the axial performance (i.e., settlement)
of the piles in the presence of scour. This paper presents a meth-
odology to combine the effects of soil stress history and scour
hole dimensions to more comprehensively model soil–structure in-
teraction in both sand and clay. The study assumed piles in uniform
soil, exploring the most vulnerable scenario for piles in uniform
soil under scour effects. The combined effect of scour was captured
through updating the parameters of the nonlinear soil springs
(e.g., p-y, t-z, and q-z springs) in both the lateral and vertical
directions. For the first time, comprehensive verification of the
proposed generalized approach for modeling laterally and axially
loaded piles in sand and clay subject to scour is provided.

The rest of the paper is structured as follows. The next section
introduces background on the effects of soil stress history and scour
hole dimensions for both sand and clay. The proposed methodology
that combines these two soil effects is then presented. Derivations
of the relationships updating the soil parameters in the presence of
scour are provided. The following section provides validations/
verifications and multiple analyses of laterally and axially loaded
piles with and without considering soil effects in sand and clay. The
proposed method was validated through comparing the pile deflec-
tion response using the proposed approach with measured results
from field tests and verified with existing numerical models con-
sidering either individual or combined soil effects under scour sce-
narios. Analyses showed the impacts of including soil effects in
estimated pile responses. The last part of this section demonstrates
the ability of the proposed method to capture the combined soil
effect with load-settlement curves in the presence of scour, showing
the importance of including these soil effects in the estimation of
structural responses under scour.

Background

Soil–Structure Interaction Model

To conduct nonlinear time history analyses and explicitly account
for soil–structure interaction within tractable computing times, a
dynamic beam on a nonlinear Winkler foundation or dynamic p-y
method was adopted (Boulanger et al. 1999; Wang et al. 2014). The
soil–structure interaction was modeled via three nonlinear springs
(i.e., p-y, t-z, and q-z springs) to simulate lateral, frictional, and
bearing responses shown in Fig. 1. The nonlinear interaction be-
tween the soil and structure consisted of elastic, plastic, and gap
components in series (Boulanger et al. 1999). The nonlinear back-
bone curves and corresponding ultimate resistances for sand and
clay implemented in this study are based on the literature, as given
in Table 1.

Effect of Stress History

The deposition of soils can be considered as a loading process,
whereas the removal of soil due to scour can be considered as an
unloading process. As a result, the remaining soil experiences a
new stress state, quantified by the increase of the overconsolidation
ratio (OCR) or ratio between the previous maximum stress and
present stress. Lin et al. (2010, 2014b) have investigated the effect
of soil stress history on the soil properties of cohesionless soils and

cohesive soils. For cohesionless soils (i.e., sand), soil parameters
such as friction angle, effective unit weight, and modulus of sub-
grade reaction can be modified due to the change of stress state
after scour events. For cohesive soils (i.e., soft clay), undrained
shear strain and effective unit weight are influenced by the effect
of stress history before and after scour events through the OCR and
scour depth. Further details on soil property changes due to stress
history effects in cohesionless and cohesive materials are shown in
Appendix I. Those studies focused on the influence of stress history
on a single pile in the lateral direction, and the influence in the axial
direction was neglected.

In comparison, Zhang and Tien (2020) have investigated the in-
fluence of stress history of layered soils on single piles in the axial
direction through accounting for the change of parameters of unit
shaft and bearing resistance due to the change of stress state after
scour events. Both lateral and axial effects were considered in their
study.

Effect of Scour Hole Dimensions

One of the common practices in modeling scour is to neglect the
effect of the shape and geometry of a scour hole. However, the
scour hole dimensions influence the behavior of piles in both
the lateral and vertical directions. Lin et al. (2014a, 2016) have in-
vestigated the effect of scour hole dimensions on lateral behavior of
a single pile for cohesionless and cohesive materials using an
equivalent wedge failure model shown in Fig. 2(b). This simplified

Fig. 1. Modeling of soil–structure interaction soil springs.

Table 1. Nonlinear backbone curves for sand and clay

Soil parameters

References

Sand Clay

p-y curve API (2000) Matlock (1970)

Ultimate lateral
resistance, Pult

Reese et al. (1974) Matlock (1970)

t-z curve Mosher (1984) Reese and O’Neill (1987)

Ultimate unit shaft
resistance, Tult

Tuma and Reese
(1974)

Tomlinson and Boorman
(2001)

q-z curve Vijayvergiya (1977) Reese and O’Neill (1987)

Ultimate bearing
resistance, Qult

Meyerhof (1976) Terzaghi (1943)

© ASCE 04022028-2 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2022, 148(5): 04022028 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

G
eo

rg
ia

 T
ec

h 
L

ib
ra

ry
 o

n 
03

/2
3/

22
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



method accounted for the change of lateral soil resistance by con-
sidering the weight of the soil wedge above the failure plane and its
interactions with the structure and soil. On the other hand, for the
effect of scour hole dimensions on the axial response of the pile,
Lin (2017) has proposed a closed-form solution for the additional
vertical stress due to scour hole geometry by integrating Boussi-
nesq’s analytical solution. This analytical approach was applied
to sands but not to clays because the undrained shear strength
of clay is irrelevant to the stress change in the short term. Further
details on the effect of scour hole dimensions in cohesionless and
cohesive materials are given in Appendix I.

In this study, the effect of scour hole dimensions on the axial
response with clayey soil was considered by modifying a dimen-
sionless factor (α), which is a function of effective overburden pres-
sure and directly relates to the skin friction capacity of cohesive
soils. This approach is described further in the “Proposed Method-
ology” section. The parameters defining the scour hole dimensions
are shown in Fig. 2(a) with scour depth, scour width, and slope
angle. For a typical bridge, scour level (Sd) can range from 0.5
to 15 m, but most observed scour depths (i.e., up to 41%) range
from 0.5 to 5.0 m (Lin et al. 2014c); scour width (Stw) has been
approximated as twice the scour depth (Richardson and Davis
2001); the value of slope angle (θ) depends on the bed material
and is approximately equal to the angle of repose of the surround-
ing soils (Richardson and Davis 2001).

Zhang et al. (2016) have proposed a methodology to compute
lateral resistance of soil numerically considering both scour hole
geometry and possible changes of stress due to scour in soft clay
with the aid of integration of Mindlin’s elastic solutions. However,
this methodology only applies to cohesive material, and their study
did not investigate how scour hole geometry and stress history im-
pact the vertical resistance of the soil.

Proposed Methodology

This paper proposes a generalized approach to account for the ef-
fects of soil stress history and scour hole geometry for both cohe-
sive and cohesionless soils. In addition, the framework considers
impacts on soil resistance in both lateral and vertical directions.
In the proposed model, for given soil properties and scour hole
geometry, the effect of scour hole geometry is first captured through
computing an equivalent depth based on an equivalent wedge
model at a point of interest. Next, the mechanical properties at

the modified point of interest (i.e., equivalent depth from the
failure-wedge model) after scour events are updated as it undergoes
a new stress state, and the combined effect is accounted for through
integrating these two modifications. With the equivalent depth and
updated soil property values, the key parameter (i.e., Pult indicating
ultimate lateral resistance) for the p-y curve is obtained. Simulta-
neously, the total vertical effective stress, which includes soils
above as well as the additional stress induced by the overburden
pressure due to scour hole geometry, is computed by integrating
Boussinesq’s point load solution and the modified OCR (prescour
stress/postscour stress) value into the framework for accounting for
stress history effects, as shown in Appendix I. Postscour stress
includes the contribution from the scour hole geometry through
considering Boussinesq’s solution.

With the values of total vertical effective stress and soil proper-
ties at the point of interest, the soil ultimate unit shaft resistance
(Tult) and ultimate end bearing resistance (Qult) were obtained
for the t-z and q-z backbone curves. Fig. 3 presents a flowchart
that summarizes the steps to obtain the key soil ultimate resistances
(i.e., Pult, Qult, and Tult) in modeling the soil–structure interaction
under scour. The process shown in Fig. 3 applies to both cohesive
and cohesionless materials with corresponding nonlinear backbone
relationships.

Specifics for calculating the soil resistance parameters now fol-
low. For cohesionless soils (e.g., sand), calculating ultimate soil
lateral resistance (Pult) begins with considering a wedge-type
failure near the surface (Pst) and plane-strain failure well below the
ground surface (Psd) as shown in Eqs. (1a) and (1b) (Reese et al.
1974). In all equations that follow, the variables with subscripts sh
and shd indicate that they are affected by the effect of the soil stress
history and scour hole dimensions, respectively

Pst ¼ γ 0
shzshd

�
KoðshÞzshd tanðϕ 0

shÞ sinðβÞ
tanðβ − ϕ 0

shÞ cosðαÞ

þ tanðβÞ
tanðβ − ϕ 0

shÞ
½Bþ zshd tanðβÞ tanðαÞ�

þ KoðshÞzshd tanðβÞ½tanðϕ 0
shÞ sinðβÞ − tanðαÞ� − KaD

�

ð1aÞ

Psd ¼ KaBγ 0
shzshd½tan8ðβÞ − 1� þ KoðshÞBγ 0

shzshd tanðϕ 0
shÞtan4ðβÞ

ð1bÞ

Fig. 2. (a) Geometry of scour hole; and (b) wedge failure model considering scour hole dimensions and equivalent wedge model without considering
scour hole dimensions.
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where zshd = distance between the ground surface and point of in-
terest, and it is an equivalent depth determined based on the failure-
wedge model; γ 0

sh = effective unit weight; β = passive failure angle;
α = angle defining the shape of the failure wedge; Ka =minimum
coefficient of active earth pressure; D = diameter of the pile; and
ϕ 0
sh = friction angle. There are two ways of computing the equiv-

alent depth due to the effect of scour hole dimensions for the lateral
response. The first approach is to compute the equivalent depth
based on the failure-wedge model adopted in the current frame-
work. The second approach uses Boussinesq’s solution, as shown
in Eq. (3), to compute the total effective vertical stress, which is
then used to calculate the equivalent depth by dividing the effective
unit weight. The first method is preferable in this case in terms of
capturing the failure mechanism (i.e., wedge-type failure). The sec-
ond method generally yields more conservative results, but it can be
applied to analyze pile groups under scour conditions. Therefore,
the first method was adopted in the current framework.

Ultimate skin friction resistance (Tult) is a function of effective
vertical stress [σ 0

vaðsh&shdÞ] as shown in Eq. (2) (Touma and Reese
1974)

Tult ¼ 0.7 tanðϕ 0
sh&shdÞσ 0

vaðsh&shdÞ ð2Þ

where σ 0
vaðsh&shdÞ is computed as in Eq. (3) (Lin 2017), where

σ 0
vaðsh&shdÞ encompasses two individual portions, σ 0

vðsh&shdÞ and

Δσ 0
vðshdÞ, which are effective vertical stress after scour considering

stress history and local scour effects, and additional effective ver-
tical stress due to scour hole dimensions, respectively

σ 0
vaðsh&shdÞ ¼ σ 0

vðsh&shdÞ þΔσ 0
vðshdÞ ð3aÞ

σ 0
vðsh&shdÞ ¼ zγ 0

sh&shd ð3bÞ

Δσ 0
vðshdÞ ¼ zγ 0 tanðθÞ

2
64

Sd
tanðθÞ þ Sbwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Sd

tanðθÞ þ Sbw
�
2 þ z2

r − Sbwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2bw þ z2

p
3
75

ð3cÞ

The parameters Sd, Sbw, and θ are as defined in Fig. 2. Both soil
stress history and local scour conditions affect the friction angle
(ϕ 0

sh&shd) as well as effective vertical stress after scour [σ
0
vðsh&shdÞ],

as indicated in Eqs. (2) and (3b). For the lateral response, the fric-
tion angle, as presented in Eq. (1), was only a function of the stress
history because the local scour effect was accounted for through the
calculated equivalent depth from the equivalent wedge model. The
impact of scour hole dimensions was also manifested through
the inclusion of the additional effective vertical stress [Δσ 0

vðshdÞ]
due to scour, as shown in Eq. (3c). Eq. (4) presents an equation for
computing the ultimate end bearing resistance (Mayerhof 1976)

Qult ¼ Nqðsh&shdÞσ 0
vbotðsh&shdÞ ð4Þ

where Nqðsh&shdÞ = bearing capacity factor, which is a function of
ϕ 0
sh&shd, where the actual value of the capacity factor is dependent

on the friction angle and installation method; this study adopted
Meyerhof values of Nq for piles; and σ 0

vbotðsh&shdÞ = effective ver-

tical stress at the bottom of the pile, which can be expressed as a
function of γ 0

sh&shd, and it is affected by both stress history and
scour hole dimension effects.

Previously, Lin and Jiang (2019) have investigated pile tension
capacity in sands. That study considered the impact of scour hole
geometries only, whereas the present study focused on the axial
force-displacement response from the combined effects of scour

Fig. 3. Flowchart of the proposed procedure to compute parameters of soil resistance.
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hole geometries and soil stress history. Eq. (5) presents the expres-
sion for the modified tension capacity that combines the effects of
stress history and scour hole dimensions based on the proposed
framework

Rs ¼
Z

L

0

πDKσ 0
vaðsh&shdÞ tanðδsh&shdÞdz ð5Þ

whereK = coefficient of lateral earth pressure, which is taken as 0.9
for the calculation of tension capacity; δsh&shd = friction angle of
the soil–pile interface, and it is chosen as the soil friction angle in
this study; and σ 0

vaðsh&shdÞ = vertical effective stress of the soil at the
pile after scour, and it is defined in Eq. (3). Comparison of results
from this study with those from Lin and Jiang (2019) is provided in
the section “Axially Loaded Piles in Sand.”

Calculating the soil resistance for cohesive soils (e.g., clay) fol-
lowed a similar approach as for sand but with different nonlinear
backbone curves and corresponding equations for the ultimate re-
sistance parameters. The procedure started with determining the
equivalent depth (zshd) based on the failure-wedge model, which
accounts for the effect of scour hole geometry. Ultimate lateral re-
sistance was then computed based on the smaller of the two values
shown in Eq. (6) (Matlock 1970)

Pult ¼ min

��
3þ γ 0

sh

CuðshÞ
zshd þ

J
B
zshd

�
CuðshÞB; 9CuðshÞD

�
ð6Þ

where CuðshÞ = undrained shear strength of soft clay; and J = con-
stant with the value set to be 0.5. The ultimate skin friction resis-
tance of clay was determined according to Eq. (7) (Tomlinson and
Boorman 2001)

Tult ¼ αsh&shdCuðsh&shdÞ ð7Þ

where αsh&shd = dimensionless factor with the constraint of being
not greater than 1; and Cuðsh&shdÞ = undrained shear strength of
clay, which is different from the one in Eq. (6) for the lateral re-
sponse. Both of these parameters are affected by soil stress history
and scour hole geometry through parameter ψ based on API (2000)
as shown in Eqs. (8a) and (8b)

αsh&shd ¼ 0.5ψ−0.5; ψ ≤ 1 ð8aÞ

αsh&shd ¼ 0.5ψ−0.25; ψ > 1 ð8bÞ
where

ψ ¼ Cuðsh&shdÞ
σ 0
vaðshd&shdÞ

ð8cÞ

Thus, the skin friction resistance of clay (Tult) was influenced by
both soil stress history and scour hole dimensions. Finally, the end-
bearing resistance (Qult) of clay was based on Terzaghi’s bearing
capacity theory (Terzaghi 1943), with the relation simplified to
Eq. (8) due to the characteristics of cohesive soils and piles

Qult ¼ 9ApCuðsh&shdÞ ð9Þ

where Ap = cross-sectional area of the pile.
The expression for the tension capacity in clay can be modified

based on the proposed framework as shown in Eq. (10)

Rs ¼
Z

L

0

πDαsh&shdCuðsh&shdÞdz ð10Þ

Eq. (10) accounts for both stress history and scour hole dimen-
sion effects by incorporating the modified values of undrained
shear strength (Cuðsh&shdÞ) and the dimensionless factor (αsh&shd),
as shown in Eqs. (7) and (8). The implementation of Eq. (10) is
presented in the section “Axially Loaded Piles in Clay.”

Tables 2–4 summarize the methodologies to compute ultimate
resistance for cohesionless and cohesive soils for Pult, Tult, andQult,
respectively. The novelty of the proposed approach is to combine
all soil effects in the updating of soil parameters due to scour for
both cohesive and cohesionless soils and in both lateral and vertical
directions. Results provided in subsequent sections show the im-
portance of including these combined effects of soil stress history
and scour hole dimensions in the assessment of scoured bridges.
The proposed framework not only presents a comprehensive evalu-
ation of the pile’s lateral and axial responses considering the com-
bined soil effects under scour phenomenon, but it also provides a

Table 2. Methodologies to obtain Pult

Pult Sand Clay

Soil stress history OCR approach [Eq. (1) and Appendix I (Fig. 21)] OCR approach [Eq. (6) and Appendix I (Fig. 22)]

Scour hole dimensions Equivalent depth approach with failure-wedge model
[Eq. (1) and Appendix I (Fig. 23)]

Equivalent depth approach with failure-wedge model
[Eq. (6) and Appendix I (Fig. 24)]

Table 3. Methodologies to obtain Tult

Tult Sand Clay

Soil stress history OCR approach [Eq. (2) and Appendix I (Fig. 21)] OCR approach [Eq. (7) and Appendix I (Fig. 22)]

Scour hole dimensions OCR approach with Boussinesq’s solution [Eqs. (2)
and (3), and Appendix I (Fig. 21)]

OCR approach with Boussinesq’s solution [Eqs. (3),
(7), and (8) and Appendix I (Fig. 22)]

Table 4. Methodologies to obtain Qult

Qult Sand Clay

Soil stress history OCR approach [Eq. (4) and Appendix I (Fig. 21)] OCR approach [Eq. (9) and Appendix I (Fig. 22)]

Scour hole dimensions OCR approach with Boussinesq’s solution [Eqs. (4)
and (3) and Appendix I (Fig. 21)]

OCR approach with Boussinesq’s solution [Eqs. (3)
and (9) and Appendix I (Fig. 22)]
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tool that facilities future pile design as well as a platform for future
research. The following section presents comparisons between the
proposed model and other soil models and experimental tests for
verification and validation in terms of multiple response parameters
for a selected single-pile structure.

Analyses of the Proposed Methodology

The proposed framework was implemented in the open-source
finite-element platform OpenSees version 3.3.0 (McKenna 1997),
with the soil–structure interaction modeled as shown in Fig. 1.
The validation and verification focused on the response of laterally
and axially loaded piles in sand and clay. Table 5 gives the details
in terms of analysis type, soil type, field tests, and numerical
models found from the existing literature. The numerical result
from the proposed model was first validated with experimental field
test data for both lateral and axial responses without considering

scour events. This validation acted as a benchmark to ensure the
proposed model yielded reliable results before considering the
scour phenomenon.

Next, after an extensive literature review, because experimental
tests of laterally and axially loaded piles in the presence of scour are
scarce, the authors used existing numerical results to verify the pro-
posed framework considering scour. The numerical models for
sand were selected from Lin et al. (2010, 2014a), which account
for the effects of stress history and scour hole dimensions, respec-
tively, in the presence of scour. Lin et al. (2014b, 2016) focused on
effects of stress history and scour hole dimensions, respectively, for
a laterally loaded pile in clay. The numerical response considering
the combined effect of stress history and scour hole dimensions
from Zhang et al. (2016) were also compared with the proposed
model for verification. Numerical results for axially loaded piles
considering scour do not exist in the literature and were unavailable
for comparison, as indicated with a dash in Table 5.

Laterally Loaded Piles in Sand

The laterally loaded pile field test in sand was performed in a
modified soil profile from Mustang Island, Texas (Cox et al. 1974),
reported to be uniform-graded fine sand. The properties of the sand
are listed in Table 6. The geometries of the pile and the applied load
(Ph) are shown in Fig. 4(a). The moment of inertia and elastic
modulus of the pile were 8.1 × 10−4 m4 and 2.0 × 108 kN=m2,
respectively. Fig. 4(b) shows the ground line deflection versus
laterally applied load at the pile head without considering scour.

Table 6. Sand properties for Mustang Island

Property Value

Critical friction angle (degrees) 28.5
Effective unit weight (kN=m3) 10.4
Relative density (%) 70 ðdepth < 3 mÞ and 90 ðdepth ≥ 3 mÞ
Maximum void ratio 1.0
Minimum void ratio 0.598
Specific gravity 2.65

Fig. 4. (a) Laterally loaded pile in sand; and (b) deflection at the ground line versus laterally applied load for measured data compared with proposed
model result without considering scour.

Table 5. Summary of experimental and numerical data used in validation and verification of the proposed framework

Analysis type Soil type

References

Field testswithout scour Numerical modelswith scour

Laterally loaded piles Sand Cox et al. (1974) Lin et al. (2010, 2014a)
Clay Reese and Van Impe (2001) Lin et al. (2014b, 2016) and Zhang et al. (2016)

Axially loaded piles Sand Briaud et al. (1989) —
Clay O’Neill et al. (1982) —

© ASCE 04022028-6 J. Geotech. Geoenviron. Eng.
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The displacement curves for the measured data and values obtained
from the proposed model tracked closely, with a maximum dis-
placement difference of 1.58mm. The difference can be attributed
to the estimation of the soil resistances and empirical equations
used in the numerical modeling such as the p-y relation.

For scour scenarios, due to the scarcity of existing experimental
data, the authors chose to verify the proposed model with results
from existing numerical models. Fig. 5 presents a comparison of
the proposed approach with the results from Lin et al. (2010)
for 3-m scour depth (Sd) and 39° slope angle (θ). As opposed to
Lin et al.’s (2010) model, which only considered the effect of stress
history in sand, the proposed model is capable of capturing the im-
pact from scour hole dimensions. The results for the proposed
model shown in Fig. 5 consist of three different values of bottom
scour width (Sw): 0, D, and ∞, where D is the diameter of the
pile with a value of 0.61 m. Scour width of ∞ is equivalent to
neglecting scour hole dimensions. From Fig. 5, as the scour width
increased, the magnitude of the lateral deflection also increased as
the impact from the scour hole dimensions decreased. The case
of bottom scour width equal to ∞ for the proposed model was
closest to the Lin et al. (2010), which neglected the effect of
scour hole dimensions and only accounted for the effect of stress
history in sand. The discrepancy between Lin et al.’s (2010) model
and the proposed model with the infinite value of scour width was
mainly due to the use of different p-y relations in the lateral soil
spring.

For comparison, Fig. 6 provides the results from Lin et al.
(2014a), which only considered the effect of scour hole dimen-
sions, with those from the proposed model for a scour depth of
3 ×D, bottom scour width of 0, and slope angle of 39°. The pro-
posed approach included both scour hole dimension and soil stress
history effects. The stress history effect slightly reduced the effec-
tive unit weight, relative density, and modulus of subgrade reaction
of the remaining sand. However, the unloading process with scour
increased the friction angle and overconsolidation ratio, which
had a greater impact on the lateral resistance of sand, resulting in
increased soil lateral resistance. Therefore, a reduced lateral deflec-
tion was expected with the inclusion of stress history effects. The
results in Fig. 6 show this with the proposed model yielding smaller

lateral deflections at the ground level due to its ability to include the
effect of stress history.

To investigate the impact of including soil effects in the analysis
of laterally loaded piles in sand, Fig. 7 shows a comparison of esti-
mated pile deflection versus laterally applied load both with and
without considering the combined soil effect under varying scour
conditions. The combined soil effect is indicated with an abbrevi-
ation of s.e. Several observations can be made based on the results
shown in Fig. 7. First, an increase in scour depth increased the flex-
ibility of the pile in sand with a larger scour depth, leading to larger
values of pile lateral deflection. Second, the combined soil effect
increased the lateral soil resistance, reducing the deflection in com-
parison with not considering soil effects for a given value of applied
load and scour depth. Third, the impact of the combined soil effect
increased as scour depth increased, as observed by the increasing

Fig. 5. Comparison between numerical models of deflection at the
ground line versus laterally applied load with scour depth of 3 m in
sand.

Fig. 7. Comparison of deflection at the ground line versus laterally
applied load with and without considering combined soil effect under
varying scour conditions in sand.

Fig. 6. Comparison between numerical models of deflection at the
ground line versus laterally applied load with scour depth of 3 ×D,
scour width of 0, and slope angle of 39° in sand.
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difference between the solid line and dashed line as scour depth
increased. In summary, not considering soil effects could lead to
an overly conservative design in terms of the lateral response of
a pile in sand.

Laterally Loaded Piles in Clay

The field tests for laterally loaded piles in clay are in a soft clay
profile near Austin, Texas. The soil properties are summarized
in Table 7 and categorized as fat clay based on the Unified Soil
Classification System. The swelling index was estimated empiri-
cally as 1/5 of the compression index (Kulhawy and Mayne 1990).
The distribution of undrained shear strength was measured by
Reese and Van Impe (2001) with values plotted in Fig. 8. The
parameters of the pile were obtained from Reese and Van Impe
(2001) with a length of 12.8 m, an outer diameter of 0.319 m, a
thickness of 0.0127 m, a moment of inertia of 1.44 × 10−4 m4, and
elastic modulus of 218 GPa. Fig. 9(a) shows the geometry of the
pile, and Fig. 9(b) gives a comparison between the proposed model
result and experimental data in terms of pile head deflection versus
laterally applied load without considering scour. The two results
followed a close trend, with an average percentage difference of
14%. Although no scour was considered in the experimental test,
the comparison provided a benchmark for further study of the
proposed model under scour conditions.

Fig. 10 presents a comparison of the pile head deflection versus
laterally applied load between Lin et al.’s (2014b) model and results
from the proposed model with scour depth of 10 ×D, where D is
0.319 m, which is also the diameter of the pile. Results for the pro-
posed model for a slope angle of 40° and bottom scour width of 0,
5 ×D, and ∞ are shown. The scour width of ∞ indicates the im-
pact of scour hole dimensions was neglected. As a result, the result
from Lin et al. (2014b) that captures only the effect of stress history
yielded the same result as the proposed model for scour width of
∞. Both the proposed model and Lin et al. (2014b) adopted the
same p-y curve (Matlock 1970). In comparison, for the other
curves, the proposed model considered both the effects of stress
history and scour hole dimensions. From Fig. 10, the effect of scour
hole dimensions increased the lateral resistance of clay, leading
to an increase in pile head deflection as the bottom scour width
increases from 0 to ∞.

Fig. 11 presents a comparison of deflection between three
different numerical models under scour depth of 6 ×D, scour
width of 0 m, and slope angle of 40°. The numerical result from

Table 7. Properties of soft clay near Lake Austin, Texas

Property Value

Effective unit weight (kN=m3) 10
Water content (%) 44.5
Compression index 0.38
Swelling index 0.076
Strain at half of maximum stress 0.012
Effective friction angle (degrees) 20

Fig. 8. Distribution of undrained shear strength of soft clay. (Data from
Reese and Van Impe 2001.)

Fig. 9. (a) Laterally loaded pile in soft clay; and (b) deflection at the pile head versus laterally applied load for measured data compared with proposed
model result without considering scour.
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Liang et al. (2015) captured only the impact of scour hole dimen-
sions. In comparison, both numerical results from Zhang et al.
(2016) and the proposed model were able to account for the com-
bined effect of stress history and scour hole dimensions in clay. As
shown in Fig. 11, the soil stress history reduced the lateral resis-
tance of clay, increasing the pile head deflection. The Zhang et al.
(2016) and proposed models tracked closely with the proposed
model, yielding a slightly more conservative result. The increase in
pile head displacement estimated in clay when the combined stress
history and scour hole dimensions effects were considered differed
from the effect observed in sand.

Fig. 12 investigates the soil effect as a function of scour depth,
showing the estimated deflection versus laterally applied load with
and without considering the combined soil effect under varying

scour conditions in soft clay. The observations made from Fig. 12
are as follows. First, as scour depth increased, the lateral load re-
sistance of the clay decreased, leading to larger deflection values.
Second, accounting for the combined soil effect led to increased
estimated pile head deflections. However, unlike the results shown
in Fig. 7 for sand, the combined soil effect in clay did not appear to
be amplified as scour depth increases. This is because unlike in
sand, there are counteracting effects in clay. The influence of stress
history in clay was counteracted by the influence of scour hole
dimensions as scour depth increased. Third, because including
soil effects led to larger estimated deflections, the impact of stress
history was the dominating factor in clay in comparison with
the impact of scour hole dimensions across varying scour depths.
This phenomenon was observed from the differences in estimated
pile head deflection values between the dashed and solid lines
in Fig. 12.

Axially Loaded Piles in Sand

This section examines the pile axial behavior. The goal is to illus-
trate that the proposed method is capable of predicting the settle-
ment of axially loaded piles under scour conditions considering
the combined soil effect. The field test of axially loaded piles in
sand was reported by Briaud et al. (1989). The soil was made of
a hydraulic fill with clean sand with a shear modulus of 38.3 MPa,
friction angle of 35°, and dry unit weight of 15.7 kN=m3. As shown
in Fig. 13(a), the closed-end steel pile with a diameter of 273 mm
and a wall thickness of 9.3 mm was driven to a depth of 9.15 m
below the mudline in the sand. The steel pile had a Young’s modu-
lus of 2.1 × 105 MPa.

From Castelli and Maugeri (2002), a linearly increasing unit
skin shaft capacity ranging from zero at the mudline level up to
45 kPa at the pile base should be used for the numerical model.
The analysis of the axially loaded pile was performed in OpenSees,
with the load-settlement response plotted in Fig. 13(b). The mea-
sured experimental data along with computed numerical data from
Castelli and Maugeri (2002) and the proposed model without con-
sidering scour are shown. The proposed model tracked both the
experimental and previous numerical results closely, with an aver-
age percentage difference of 17.2% and 11.6% compared with the

Fig. 10. Comparison between numerical models of pile head deflection
versus laterally applied load with scour depth of 10 ×D in soft clay.

Fig. 11. Comparison between numerical models of deflection at the
pile head versus laterally applied load with scour depth of 6 ×D, scour
width of 0, and slope angle of 40° in soft clay.

Fig. 12. Comparison of deflection at the pile head versus laterally
applied load with and without considering combined soil effect under
varying scour conditions in soft clay.
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experimental data and numerical data from Castelli and Maugeri
(2002), respectively. The validation shown in Fig. 13(b) serves
as a benchmark for further study of the pile response under scour
conditions.

Before computing the response of the axially loaded pile under
scour conditions with the proposed method, several assumptions
need to be addressed. The slope angle and relative density were
taken as 30° and 55%, respectively, for medium dense sand, and
the critical friction angle was taken to be 28.5°. The effective unit
weight of sand was back-calculated based on the value of the dry
unit weight of 15.7 kN=m3 and assumed a specific gravity of 2.65,
which gives a value of 9.78 kN=m3. Fig. 14 gives the load-
settlement curves for varying scour depths and two different values
of bottom scour width with and without considering the combined

soil effect. Scour depths varied from 2 ×D to 6 ×D with the value
of D equal to 0.273 m.

Figs. 14(a and b) give results for a bottom scour width of 0 and
10 ×D, respectively. From Fig. 14, as scour depth increased, the
ability of the soil to resist a vertical load decreased, leading to in-
creased pile head settlements. Comparing Figs. 14(a and b), the
scour width had a significant impact on the vertical behavior of
the pile. As the bottom scour width increased, considering the com-
bined soil effect led to a significant increase in the settlement ex-
pected under an axial load. This is because by increasing the scour
width, the vertical load-carrying capacity was reduced in the sand
because the scour hole geometry provided additional vertical stress
as shown in Eq. (3), which in turn decreased the vertical resistance
in the sand.

Fig. 13. (a) Axially loaded pile in sand; and (b) settlement at the pile head versus axially applied load for measured data compared with proposed
model result without considering scour.

Fig. 14. Load-settlement curves at the pile head with varying scour depths and the values of (a) 0; and (b) 10 ×D for bottom scour width in sand.
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Fig. 15 further investigates the impact of scour width, showing
load-settlement curves for scour depths of 2 ×D and 4 ×D with
varying scour width ranges from 0 to ∞. Scour width values of 0
and∞ provided an upper and lower bound, respectively, for a given
scour depth, which was consistent with the previous observation
regarding the role of scour hole dimensions in the lateral response
shown in Fig. 10. A scour width of ∞ implies the effect of scour
hole dimensions was neglected. Comparing it with the results with-
out considering the soil effect shows that the impact of stress his-
tory weakened the vertical response of the pile in sand, differing
from the lateral behavior in sand, which was more greatly affected
by the friction angle. This is because the reduction of effective unit
weight (Lin et al. 2010) during the stress history loading and un-
loading process plays an important role in determining the vertical
resistance of the sand. For example, Fig. 15(b) shows that Sd ¼ 4 ×
D [without (w=o) s.e.] yielded smaller values of settlement than
Sd ¼ 4 ×D and Sw ¼ ∞ (with s.e.). This result is due to the re-
duction of effective unit weight of the cohesionless soil as a result
of the soil stress history. Sd ¼ 4 ×D (w=o s.e.) yielded similar
values of settlement with Sd ¼ 4 ×D and Sw ¼ 10 ×D (with s.e.)
because the effect of the reduction of effective unit weight on the
vertical response due to stress release in the soil counteracted the
increase of vertical resistance due to local scour.

To take a closer look at the impact of soil stress history on the
values of Tult and Qult, two tables providing detailed soil properties
and ultimate soil resistance values are presented in Appendix II.
One table presents friction angle, OCR, effective unit weight, Tult,
and Qult for the pile settlement response under 4 ×D scour depth
with and without considering the stress history effect. The effect of
stress history slightly increased Tult due to the increase of friction

angle. However, the value ofQult reduced, which led to the increase
of settlement. The reduction of effective unit weight (γ 0

sh) due to
stress history was the main reason leading to the reduction of end-
bearing resistance by 4.4%.

To further understand the change of effective unit weight and
end-bearing resistance, the next table in Appendix II presents the
soil parameters considering a higher relative density of 65% as op-
posed to 55% relative density in the previous table in Appendix II.
As the relative density of sand increased, the reduction of effective
unit weight became less significant, leading to a 2.6% drop (com-
pared with a 4.4% drop for 55% relative density) in end-bearing
resistance. The effective unit weight before considering scour
was 9.78 kN=m3.

Table 8 summarizes the impact of stress history, showing that
including the effect of stress history in sand increases estimated
pile settlement by up to 34.1% at 4 ×D scour depth and 311.5 kN
axial load. Therefore, neglecting to include the impact of stress
history in the analysis could lead to an unconservative design.
Although in this case, the load-settlement curve not considering
soil effects was close to that considering stress history and scour
hole geometry with scour width of 10 ×D, one cannot rely on these
coincidental outcomes, and varying levels of scour depth, scour
width, and others., would result in varying settlement curves.
Therefore, it is critical to be able to quantitatively include the im-
pacts of stress history and scour hole dimensions in the analysis
of piles subject to scour as presented in this paper to accurately
estimate pile behavior under varying conditions. Scour depth level
impacted the reduction of effective unit weight and thus the end-
bearing resistance and magnitude of pile settlement in sand, as
shown in Fig. 15. The increase in the pile settlement due to the

Fig. 15. Load-settlement curves at the pile head with (a) 2 ×D; and (b) 4 ×D scour depths and varying bottom scour widths in sand.

Table 8. Summary of settlement values considering 4 ×D scour depth with and without including the effect of stress history in sand

Parameter DP #1 DP #2 DP #3 DP #4 DP #5 DP #6 DP #7 DP #8

Axial load (kN) 44.5 89 133.5 178 222 245 267 311.5

Settlement without soil effect (mm) 0.26 0.59 0.97 1.76 3.09 4.08 5.29 9.47

Settlement with Sw ¼ ∞ (mm) 0.26 0.60 1.00 1.93 3.49 4.67 6.17 12.70

Increase due to the effect of stress history (%) 0.0 1.3 2.7 9.3 12.7 14.4 16.8 34.1

Note: DP = data point.
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soil stress history effect at 311.5 kN loading was 21.7% for the
2 ×D case and 34.1% for the 4 ×D case.

The tension capacity of a single pile in sand is now investigated.
To assess the impact of the modified tension capacity considering
both stress history and scour hole dimensions effects as shown in
Eq. (5), Fig. 16 presents the tension capacity ratio (RsðpostscourÞ=
RsðprescourÞ) as a function of scour depth and scour width. Parameters
of the loose sand soil profile and pile geometry are summarized in
Table 9 and were taken from Lin and Jiang (2019), which considers
the impact of scour hole dimensions only, to facilitate comparison
of the results.

Two approaches are evaluated and compared herein. In Fig. 16,
the analytical solution refers to Boussinesq’s point load equation
based on Lin (2017). It can account for the impact of scour hole
dimensions with a closed-form expression and was also used for
comparison by Lin and Jiang (2019). The proposed method in-
cludes both scour hole dimensions and soil stress history effects
based on the proposed framework, as shown in Fig. 3.

As expected, the tension capacity reduced as bottom scour width
increased under varying scour depths due to the impact of the scour
hole geometry. Comparing the results from the proposed method
with the analytical solution for the case with Sw ¼ 4 ×D, the pro-
posed method yielded relatively higher postscour tension capacities
than the analytical solution due to the increased friction angle
resulting from the soil stress history. When the bottom scour width
was equal to 2 ×D, 4 ×D, and 0, the tension capacity ratio was
slightly over unity for the proposed method at lower scour depths.

This is because the reduction of tension capacity was compen-
sated for by the soil effect at these low scour levels. Namely,
the additional effective vertical stress due to scour hole dimensions
and increase of soil friction angle due to scour provided extra ten-
sion capacity that helped strengthen the tensile response.

Axially Loaded Piles in Clay

The axially loaded pile tests reported by O’Neill et al. (1982) were
in stiff overconsolidated clay. The closed-end steel pile with an ex-
ternal radius of 0.137 m and thickness of 9.3 mm was driven in stiff
clay with an embedded length of 13.1 m as shown in Fig. 17(a).
According to the back-analysis by Castelli and Maugeri (2002), a
linearly increasing undrained shear strength profile was adopted.
The value of the reduction factor (α) shown in Eq. (7) was taken
as 0.40, which resulted in a unit shaft capacity that varied linearly
from 19 kN=m2 at the surface to 93 kN=m2 at the base. The soil
deformation modulus can be back-calculated with a value of
195 × 103 kPa, and the elastic modulus of the steel pile was taken
as 210 GPa. Under the assumption of a constant value of α, the
undrained shear strength can be back-calculated based on Eq. (7),
and effective unit weight can be computed based on Eq. (8) once
the value of undrained shear strength is known.

A comparison of load-settlement curves between the experimen-
tal data and numerical results from Castelli and Maugeri (2002) and
the proposed model without scour is shown in Fig. 17(b). The
curves tracked closely with an average percentage difference of
10% between experimental data and the proposed method. This
comparison serves as a benchmark for further load-settlement
analysis considering soil effects in the presence of scour events.

The following investigates the impact of including soil effects in
the assessment of pile displacement under varying scour scenarios.
Fig. 18 gives load-settlement curves of an axially loaded pile with
two values of bottom scour width (0 and 20 ×D) and varying scour
depths. The slope angle was taken as 40°.

The observations from the results shown in Fig. 18 are as fol-
lows. First, as scour depth increased, the estimated pile settlement
in clay increased. The impact of scour depth was significant, as
seen in the increase in pile head displacement as scour depth in-
creases from 1 to 3 m. Second, the scour width had a significant
impact on the axial behavior of the pile in clay. Changing the scour
width from 0 to 20 ×D, the load-settlement curves with soil effect
significantly increased, especially for the curve for the 3-m scour
depth, due to the reduced impact from scour hole dimensions. As
discussed previously, scour hole dimensions provided additional
vertical stress, which gave rise to the change in the value of ψ
as shown in Eq. (8c) along with the effect of local scour on the
remaining properties of the soil. As a result, the scour hole dimen-
sions affected the value of the dimensionless factor (α) and un-
drained shear strength due to the different stress state shown in
Eqs. (8a), (8b), and (9).

In addition, from Fig. 18, the impact of including the soil effect
in estimating the vertical response of the pile increased in signifi-
cance as scour depth increased. As scour depth increased, there
was an increasing difference between the solid lines (i.e., with
soil effect) and dashed lines (i.e., without soil effect), indicating the
importance of including soil effects in the analysis, particularly for
more severe scour scenarios. Finally, among the three values of
scour depth shown, 3-m scour showed the most significant impact
of soil stress history, reducing both skin friction and end-bearing
capacities of the clay. The magnitude of the settlement depended
on many factors, such as axial load. As a result, the last point of the
line associated with Sd ¼ 3 m and Sw ¼ 20 ×D (with s.e.) yielded
the largest settlement value because of the combination of the

Fig. 16. Tension capacity ratios in sand with various scour depths and
scour widths.

Table 9. Soil and pile parameters in loose sand

Parameter Property Value

Soil parameters Saturated unit weight (kN=m3) 19
Effective friction angle (degrees) 28

Void ratio 0.7
Poisson’s ratio 0.3

Pile parameters Diameter (m) 1
Length (m) 20

Elastic modulus (MPa) 24,000
Poisson’s ratio 0.15

Source: Data from Lin and Jiang (2019).
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largest axial load and scour depth. In comparison, the line associ-
ated with Sd ¼ 3 m (w=o s.e.) ignored the impact from stress his-
tory, which led to a relatively larger vertical resistance of the clay.

To further investigate the effect of scour width, Fig. 19 provides
load-settlement curves for varying scour widths ranging from 0 to
∞ under 1- and 2-m scour depths. An infinite scour width indicates
the exclusion of the effect of scour hole dimensions. Scour widths
of 0 and∞ provide upper and lower bounds for the load-settlement
responses. From Fig. 19, comparing Sd ¼ 2 m (w=o s.e.) and Sd ¼
2 m with Sw ¼ 0 (with s.e.), the latter yielded a smaller settlement
value because the effect of scour hole dimensions was the domi-
nating factor. In other words, the reduction due to soil stress history
was compensated for and overcome by the impact from scour hole
dimensions with a bottom scour width of zero and slope angle
of 40°. In comparison, between Sd ¼ 2 m (w=o s.e.) and Sd ¼ 2 m
with Sw ¼ ∞ (with s.e.), the latter neglected the impact of the scour

hole dimensions and only considered the impact of stress history.
In this case, the stress history effect diminished both frictional re-
sistance and end-bearing resistance, as shown in Eqs. (7) and (9),
due to the reduction of undrained shear strength.

To provide a more detailed view of the impact of soil stress
history, Appendix II provides the calculated soil properties and
ultimate soil resistances, including effective unit weight, undrained
shear strength, OCR, dimensionless factor (α), skin-friction resis-
tance, and end-bearing resistance, considering Sd ¼ 2 m and Sw ¼
∞ with and without accounting for the stress history effect. The
effective unit weight before considering scour is 10 kN=m3.

Table 10 summarizes the settlement values, indicating the percent-
age increase in estimated settlement with and without considering the
stress history effect in clay. Comparing the curve with Sw ¼ ∞ and
the curve without soil effect shows that the effect of stress history in
clay increased settlement by as much as 61.1% for a 2-m scour depth

Fig. 18. Load-settlement curves at the pile head with varying scour depths and values of (a) 0; and (b) 20 ×D for bottom scour width in clay.

Fig. 17. (a) Axially loaded pile in clay; and (b) settlement at the pile head versus axially applied load for measured data compared with proposed
model result without considering scour.
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and 600-kN axial load mainly due to the reduction in undrained shear
strength, which led to the corresponding reductions in skin-friction
resistance and end-bearing resistance. The Sw ¼ ∞ case is particu-
larly applicable to the general scour scenario where the entire mud-
line is lowered, or local scour cases if the bottom width of the scour
hole is large. In these cases, the stress history effect dominates, lead-
ing to the most vulnerable condition for scoured bridges. The mag-
nitude of settlement and increase of settlement depend on several
factors, including scour depth, magnitude of externally applied load,
length of the pile, and others.

For 1-m scour depth, as shown in Fig. 19(a), the increase of
settlement was 14.8%, and the increase was 61.1% for 2-m scour
depth in Fig. 19(b). The 61.1% increase in estimated settlement for
clay, as well as the 34.1% increase in estimated settlement for sand
found in the previous section, corresponded with the largest axial
loads (600 and 311.5 kN for the clay and sand foundation, respec-
tively), which magnified the impact of stress history. The increase
in settlement values of around 3–4 mm for the current case studies
were based on the loading scenarios and following the values from
previous experimental tests. The proposed methodology is also
applicable to other loading scenarios, including those leading to
larger settlement values. In many cases, particularly more severe
scour cases, neglecting to include the impact of stress history in
clay leads to significant underestimation of the values of settlement
under a given axial load, leading to potentially unconservative de-
signs of axially loaded piles in clay.

The tension capacity ratio in clay was also evaluated with the
same soil profile as used for the compression test (O’Neill et al.
1982) described at the beginning of this section. Fig. 20 compares
results from the proposed method with that from the analytical
solution in terms of tension capacity ratio [RsðpostscourÞ=RsðprescourÞ]
in clay. The analytical solution refers to Boussinesq’s point load
equation based on Lin (2017). Because previous studies have not
investigated the tension capacity in clay, the analytical solution was
used here for comparison, which accounts for the impact of scour
hole dimensions with a closed-form expression. The proposed
method refers to the method that combined both scour dimensions
and soil stress history based on the proposed framework. As ex-
pected, the proposed method yielded a lower postscour tension
capacity for Sw ¼ ∞, mainly due to the reduction of undrained
shear strength resulting from the soil stress history effect. Similar
to the sand case, the increase of scour width strengthened the ver-
tical soil resistance by providing additional stress from the scour
hole dimensions. For the case with Sw ¼ 0, the tension capacity

Fig. 19. Load-settlement curves at the pile head with scour depths of (a) 1 m; and (b) 2 m and varying bottom scour widths in clay.

Fig. 20. Tension capacity ratios in clay with various scour depths and
scour widths.

Table 10. Summary of settlement values considering 2-m scour depth with
and without including the effect of stress history in clay

Parameter DP #1 DP #2 DP #3 DP #4 DP #5 DP #6

Axial load (kN) 118 250 331 436 550 600

Settlement without
soil effect (mm)

0.47 1.05 1.47 2.21 4.05 6.37

Settlement with
Sw ¼ ∞ (mm)

0.50 1.12 1.59 2.46 5.33 10.26

Increase due to the
effect of stress
history (%)

6.1 6.7 7.7 11.4 31.5 61.1

Note: DP =data point.
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increased and even became slightly larger than the analytical sol-
ution. This is because of the following two reasons: (1) the reduc-
tion of undrained shear strength became less significant after
considering the local scour effect on the properties of the remaining
soil, and (2) the dimensionless factor (αsh&shd) increased due to the
reduction of ψ, as indicated in Eq. (8). Therefore, the increase of
the dimensionless factor (αsh&shd) became the governing factor, not
only counteracting the reduction of undrained shear strain but also
increasing the tension capacity, as shown in Eq. (10).

Conclusions

The paper presented a framework that is able to capture the impacts
from both soil stress history and scour hole dimensions on the
structural response of a pile for both cohesive and cohesionless
soils in the presence of scour. Besides focusing on the lateral behav-
ior of the pile, which has been investigated in the past, the proposed
framework also accounted for the combined soil effects on the ver-
tical pile behavior. The proposed framework was validated with
experimental data for no-scour scenarios and verified with numeri-
cal data for scour scenarios where available for lateral and axial
loadings (both tensile and compressive loadings) in sand and clay.
The results from this study showed that it is essential to include
both stress history and scour hole dimension effects in the modeling
of soil–structure interaction in the presence of scour events. The
following two points summarize the main findings from the study:
• For a sand foundation, including either the effect of stress

history or scour hole dimensions could lead to a conservative
design in the lateral direction. In comparison, in the vertical di-
rection, including the effect of stress history resulted in an in-
crease in estimated pile head deflection. For a 4 ×D scour depth
and 311.5-kN axial load, including soil effects led to an increase
in estimated settlement of 34.1%. The percentage could further
increase with increasing applied axial load or increasing scour
depth. These findings indicate that failing to consider soil effects
under scour conditions could lead to an unconservative design,

particularly under axial compressive load. Meanwhile, the im-
pact of stress history slightly strengthened the tension capacity
of the pile in sand due to the increase of soil friction angle.

• For a clay foundation, neglecting to include the effect of stress
history could lead to an unconservative design in both lateral
and vertical directions under scour conditions. In the lateral re-
sponse of the pile in clay, the influence of stress history was the
dominating factor compared with the impact of scour hole di-
mensions, with an increase of 13.5% in estimated lateral deflec-
tion under 3-m scour depth, 5 ×D scour width, and 105-kN
laterally applied load. The soil effect was greater in the axial
direction. Under 2-m scour depth and 600-kN axial load, the
impact of including stress history effects in clay increased the
estimated pile settlement by as much as 61.1% in the vertical
direction in comparison with the outcome estimated without
considering soil effects. An even larger percentage increase is
expected if one considers higher axial load and scour depth
scenarios. Likewise, the impact of stress history diminished the
tension capacity of the pile in clay as a result of the reduction of
undrained shear strength.
This paper provided a methodology to include soil stress history

and scour hole dimension effects in the analysis of piles subject to
scour in uniform soil. The potential underestimation of pile dis-
placements under lateral and particularly axial loads if soil effects
are not considered underscores the need to be able to quantitatively
include soil effects in the estimation of pile responses and consider
these effects for future design.

Appendix I. Calculating Changes Due to the Effect
of Stress History and the Effect of Scour Hole
Dimensions

Figs. 21 and 22 show the equations and overall procedures used to
obtain the updated properties of sandy and clayey soils, respec-
tively, considering the effect of stress history.

Fig. 21. Procedures of computing soil properties considering the effect of stress history for sandy soil.
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Figs. 23 and 24 show the equations used to compute the equiv-
alent depth of interest (ze) considering scour hole dimensions for
sandy and clayey soils, respectively. In Figs. 23 and 24, D1 is the
intermediate parameter, H1 and H2 are soil depth defining the

locations of slope failure plane, Fue is the ultimate soil resistance
of the equivalent wedge, and Fu0, Fu1, and Fu2 are ultimate soil
resistance based on whether the slope failure plane intersects the
slope of the scour hole. These procedures and equations were

Fig. 22. Procedures of computing soil properties considering the effect of stress history for clayey soil.

Fig. 23. Equations used to compute the equivalent depth of interest considering the effect of scour hole dimensions for sandy soil.
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Fig. 24. Equations used to compute the equivalent depth of interest considering the effect of scour hole dimensions for clayey soil.

Table 11. Calculated soil properties and vertical ultimate soil resistances with and without considering the stress history effect for Sd¼ 4 ×D and Sw ¼ ∞ in
sand with relative density 55%

zint (m) zsc (m) ϕ 0 (degrees) ϕ 0
sh (degrees) γ 0

sh (kN=m3) OCR Tult (kN=m2) TultðshÞ (kN=m2) Qult (kN=m2) QultðshÞ (kN=m2)

1.65 0.56 37.11 37.99 9.06 3.20 2.88 2.97 3,795 3,629
2.19 1.10 36.65 37.26 9.07 2.15 5.61 5.74
2.74 1.65 36.29 36.77 9.07 1.79 8.28 8.43
3.29 2.19 35.99 36.40 9.07 1.61 10.90 11.07
3.83 2.74 35.75 36.10 9.08 1.51 13.49 13.67
4.38 3.29 35.53 35.87 9.08 1.43 16.06 16.26
4.92 3.83 35.34 35.63 9.08 1.38 18.59 18.79
5.47 4.38 35.17 35.43 9.08 1.35 21.11 21.32 4.4% reduction in end-bearing

resistance due to soil stress history6.02 4.92 35.02 35.26 9.08 1.32 23.61 23.82
6.56 5.47 34.88 35.11 9.08 1.29 26.09 26.31
7.11 6.02 34.75 34.96 9.08 1.27 28.55 28.79
7.65 6.56 34.63 34.83 9.08 1.26 31.01 31.25
8.20 7.11 34.51 34.71 9.08 1.24 33.45 33.69
8.75 7.65 34.41 34.60 9.08 1.23 35.87 36.13
9.29 8.20 34.31 34.50 9.08 1.22 38.29 38.56

Note: zint and zsc = distance between the mudline and point of interest before and after the scour event, respectively.

Table 12. Calculated soil properties and vertical ultimate soil resistances with and without considering the stress history effect for Sd ¼ 4 ×D and ∞ Sw ¼
∞ in sand with relative density 65%

zint (m) zsc (m) ϕ 0 (degrees) ϕ 0
sh (degrees) γ 0

sh (kN=m3) OCR Tult (kN=m2) TultðshÞ (kN=m2) Qult (kN=m2) QultðshÞ (kN=m2)

1.65 0.56 39.16 40.24 9.26 3.13 3.10 3.22 4,736 4,616
2.19 1.10 38.62 39.36 9.28 2.10 6.02 6.18
2.74 1.65 38.20 38.77 9.28 1.75 8.87 9.06
3.29 2.19 37.85 38.33 9.29 1.58 11.67 11.87
3.83 2.74 37.56 37.97 9.29 1.47 14.42 14.63
4.38 3.29 37.31 37.67 9.29 1.40 17.13 17.36
4.92 3.83 37.08 37.43 9.29 1.35 19.82 20.07
5.47 4.38 36.88 37.20 9.29 1.31 22.48 22.74 2.6% reduction in end-bearing

resistance due to soil stress history6.02 4.92 36.70 36.98 9.29 1.29 25.12 25.37
6.56 5.47 36.54 36.80 9.29 1.26 27.74 28.00
7.11 6.02 36.39 36.63 9.29 1.24 30.33 30.60
7.65 6.56 36.25 36.48 9.29 1.23 32.92 33.19
8.20 7.11 36.12 36.33 9.29 1.21 35.49 35.77
8.75 7.65 35.99 36.20 9.29 1.20 38.04 38.33
9.29 8.20 35.88 36.08 9.29 1.19 40.58 40.88

Note: zint and zsc = distance between the mudline and point of interest before and after the scour event, respectively.
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incorporated in the framework of the proposed model presented
throughout the paper.

Appendix II. Soil Properties and Vertical Ultimate
Soil Resistances with and without Considering the
Soil Stress History Effect

Tables 11–13 are given in this Appendix, respectively.

Data Availability Statement

All MATLAB codes and OpenSees numerical models used during
the study are available from the corresponding author by request.
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