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Methodology to account for the impact of stress history in layered soils
for seismic vulnerability assessment of scoured bridges

Yijian Zhang and Iris Tien

School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, GA, USA

ABSTRACT
Scour has been recognized as one of the leading causes of bridge collapse in the United States.
Therefore, it is essential to be able to build models that accurately capture the response of bridges
vulnerable to scour, including those located in layered rather than homogeneous soil deposits. Simple
removal of soil springs due to scour ignores the effect of stress history for layered soils, which can
lead to unconservative designs of foundations. This article proposes a methodology called the equiva-
lent stress history and layered effects (ESHaLE) approach to capture the impact of soil stress history of
layered soils on vulnerability assessment of scoured bridges. It utilises conservation of strength and
mass to derive corresponding soil and depth parameters. Results show that neglecting to include
stress history impacts in layered soils can lead to an underestimation of the single pile axial displace-
ments by up to 35% in static analysis, and underestimation of the probability of exceeding bridge
deck deflection thresholds by up to 25% in seismic fragility assessment. The study presents a method
to include both soil stress history and layered effects in soil modeling and shows the importance of
including these soil effects in the assessment of bridges vulnerable to scour.
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1. Introduction

Due to the erosive action of flowing water, material is car-
ried away from the bed and banks of a stream, often leading
to scour conditions for water-crossing bridge structures. The
loss of soils surrounding the bridge foundation can lead to
the loss of load-carrying capacity of the foundation system.
Previous studies have shown that scour at bridge founda-
tions is a major cause of bridge collapse (Wardhana &
Hadipriono, 2003), with 60% of bridge failures in the U.S.
related to vulnerabilities caused by scour (Lagasse, Clopper,
Zevenbergen, & Girard, 2007). With the importance of
scour on the predicted performance of bridges, it is essential
to be able build models that accurately capture the response
of scoured bridges.

In the past decade, researchers have studied the seismic
performance of bridges in the presence of scour (Alipour,
Shafei, & Shinozuka, 2013; Banerjee & Ganesh Prasad, 2013;
Fioklou & Alipour, 2019; Wang, Due~nas-Osorio, & Padgett,
2014). However, these studies employ traditional modeling
of scour with simple removal of soil springs without consid-
ering the changes of stress states and corresponding proper-
ties of the remaining soil due to scour. Meanwhile, other
studies have investigated the influence of soil stress history
on laterally loaded single piles in sand and soft clay (Lin,
Bennett, Han, & Parsons, 2010; Lin, Han, Bennett, &
Parsons, 2014). These studies show that neglecting the stress
history effect can lead to unconservative responses of
scoured piles. However, most of the previous studies

regarding the effect of stress history still focus on a homoge-
neous soil type. At the same time, it is common for bridges
to be located at sites with layered soil deposits (Aygun,
2009; Soneji & Jangid, 2008; Takemiya & Yamada, 1981).
Modeling profiles consisting of layers of multiple soil types
as a homogeneous material neglects the layered soil effects.
Researchers have investigated the lateral (Davisson & Gill,
1963; Gazetas & Dobry, 1984; Georgiadis, 1983; Zhang,
Zhao, & Zou, 2015) and the vertical (Cairo & Conte, 2006;
Huang, Liang, & Jiang, 2011; Wang, Xie, & Wang, 2012)
behaviors of piles in layered soil deposits. However, these
studies do not account for the impact of stress history in
layered soils, and most do not focus on addressing vulner-
ability assessment of full bridge structures. In summary,
there have been no previous studies on the effect of soil
stress history on the properties of layered soils. In addition,
evaluating the seismic performance of bridges subject to
scour including the effect of soil stress history of layered
soils is unstudied. This article proposes a methodology to
account for the influence of both layered deposits and soil
stress history in evaluating the performance of bridges sus-
ceptible to scour. The method includes the ability to analyse
profiles that consist of both sandy and clayey soils. This art-
icle is the first to account for the stress history effects for
layered soils, with the main contributions being presentation
of the new equivalent stress history and layered effects
(ESHaLE) approach and results showing the importance of
taking such an approach in the vulnerability assessment of
scoured bridges. Using the proposed methodology enables
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the vulnerability of bridges located in layered soil deposits
that are susceptible to scour to be more accurately and com-
prehensively assessed.

The rest of the article is structured as follows. The next
section introduces background information regarding first,
the effect of soil stress history for a single homogeneous soil
deposit and second, the behavior of layered soils due to
multiple heterogeneous deposits. The following section
describes in detail the proposed ESHaLE methodology for
combining the effects of soil stress history and layered soils
for the modeling and analysis of bridges susceptible to
scour. The next section applies the methodology to an
example bridge and soil profile. Results from using ESHaLE
compared to unmodified soil models in the vulnerability
assessment of a scoured bridge under seismic loading are
shown. Finally, concluding remarks and a summary of find-
ings are provided.

2. Background and related work

2.1. Stress history of soils

The deposition of soils can be viewed as a loading process,
while scour can be viewed as an unloading process as sur-
rounding soils are removed. Due to the unloading process,
the remaining soil after scour experiences different stress
states, leading to changes in the soil properties. In particu-
lar, the soils change from normally consolidated to overcon-
solidated states (Brown & Castelli, 2010), represented by an
overconsolidation ratio (OCR) between the previous max-
imum stress and present stress. The OCR increases as scour
depth increases, leading to changes in the soil properties.
Detailed information regarding calculating the changes in
the soil properties due to the effect of stress history in sandy
(Lin et al., 2010) and clayey (Lin et al., 2014) soils is pro-
vided in the Appendix.

Soils are traditionally modeled using springs in three
directions: p-y springs model lateral soil behavior, t-z
springs model vertical soil behavior including the skin fric-
tion between the pile and soil, and q-z springs model behav-
ior at the pile tip. For cohesionless soils (e.g. sand),
including the effect of soil stress history due to scour
reduces the relative density, unit weight, and modulus of
subgrade reaction, and increases the friction angle and OCR
of the remaining soil (Lin et al., 2010). Reese, Cox, and
Koop (1974) propose a p-y relation for sand, with the ultim-
ate resistance for wedge failure near the ground surface (Pst)
and flow failure well below the ground surface (Psd) com-
puted based on Equations (1) and (2), respectively.

Pst ¼ c0z
�
Koz tan /0� �

sin bð Þ
tan b� /0� �

cos að Þ þ
tan bð Þ

tan b� /0� �
Bþ ztan bð Þtan að Þ� �þ Koz tan bð Þ tan /0� �

sin bð Þ � tan að Þ
� �

� KaB

�

(1)

Psd ¼ KaBc
0z tan8 bð Þ � 1
� �

þ KoBc
0z tanð/0Þtan4 bð Þ (2)

c0 is effective unit weight of sand, z is distance between
mudline and point of interest, b is passive failure angle, a is

angle defining the shape of the failure wedge, Ka is min-
imum coefficient of active earth pressure, Ko is coefficient
of lateral earth pressure at rest, B is diameter of the pile,
and /0 is friction angle.

This study adopts the p-y relation shown in Equation (3)
for sand from the American Petroleum Institute (API, 2000)
in combination with Equations (1) and (2) to compute the
ultimate lateral resistance of sand. Pultsand in Equation (3) is
computed based on the minimum value between Pst and Psd
depending on the depth of interest obtained from Equations
(1) and (2), respectively.

P ¼ APultsand tanh
kH

APultsand
y

� 	
(3)

P is lateral soil resistance at any depth H, A is a modifica-
tion factor that accounts for static or cyclic loading (0.9 in
this case), Pult is ultimate bearing capacity at depth H, y is
lateral deflection, and k is initial modulus of sub-
grade reaction.

The effect of the soil stress history is accounted for by
updating the relative density and coefficient of lateral earth
pressure of the remaining sand after scour due to the
change from normally consolidated to overconsolidated soil.
The change of relative density is caused by the changes of
the void ratio and overburden stress, which leads to the
change of additional properties of sand, including unit
weight, modulus of subgrade reaction, and friction angle.

For t-z relations, the ultimate unit shaft resistance of
sand (Tultsand ) is computed as in Equation (4) (Touma &
Reese, 1974), where rv0 is effective vertical stress at a point
of interest.

Tultsand ¼ 0:7tanð/0Þrv0 (4)

The ultimate end bearing resistance (Qultsand ) of sand is com-
puted based on Mayerhof (1976) with Equation (5).

Qultsand ¼ Nqrv
0 (5)

Nq is a dimensionless bearing capacity factor. The t-z rela-
tion for sand is adopted based on Mosher (1984), which
uses a hyperbolic representation of the t-z curve as shown
in Equation (6).

T ¼ z
1
Ef
þ 1

Tultsand
zð Þ (6)

Ef is the value of the initial modulus, z is movement of pile
segment, and T is total shear transfer. The backbone of the
q-z curve for sand is approximated using Vijayvergiya’s rela-
tion (1977) shown in Equation (7).

Q ¼ z
zc


 �1
3�Qultsand z � zcð Þ (7a)

Q ¼ Qultsand ðz > zcÞ (7b)

Q is pile tip resistance and zc is movement required to
mobilise Qultsand (6.35mm for sand).

The change of remaining properties of sand due to stress
history can also affect the vertical behavior of sand (i.e.
Tultsand and Qultsand ), and these changes are also considered in
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this study. More details regarding capturing stress history of
sand can be found in Lin et al. (2010).

For cohesive soils (e.g. soft clay), the ultimate soil resistance
(Pultsand ) is computed as in Equation (8) (Matlock, 1970).

Pultclay ¼ min 3þ c0

Cu
zþ J

B
z


 �
CuB, 9CuB

� �
(8)

Cu is undrained shear strength of clay and J is set as a con-
stant with a value of 0.5. The p-y relation for soft clay is
adopted from Matlock (1970). Pultclay of stiff clay without
free water can also be computed based on Equation (8)
(Reese & Welch, 1975; Welch & Reese, 1972). Stiff clay
without free water indicates a stiff clay layer located above
the water table. As the OCR and scour depth change,
including the soil stress history also influences the effective
unit weight and undrained shear strength of soft clay. While
the change of the effective unit weight is insignificant, the
undrained shear strength has been found to be significantly
reduced when the effect of soil stress history is considered
(Lin et al., 2014). The ultimate unit shaft resistance of clay
is computed according to Equation (9) (Tomlison, 1992).

Tultclay ¼ aCu (9)

a is an adhesion factor for piles in clay, which can be com-
puted by Equation (10).

a ¼ 0:5w�0:5ðw � 1:0Þ (10a)

a ¼ 0:5w�0:25ðw > 1:0Þ (10a)

w is the ratio between undrained shear strength of the soil
(Cu) and effective overburden pressure (rv0) at the point of
interest. Note that the value of a should not exceed 1.0. The
t-z relation for clay is adopted from Reese and O’Neill
(1987). The computation of point-bearing capacity (Qultclay)
of clay is based on Terzaghi’s bearing capacity theory
(Terzaghi, 1943). Due to the characteristics of cohesive soils
and piles, the relation can be simplified to Equation (11),
where Ap is cross-sectional area of the pile.

Qultclay ¼ 9ApCu (11)

The q-z relation for clay is adopted based on Reese and
O’Neill (1987). The change of the vertical response of clay
accounting for soil stress history effects is also considered in
this study, manifested through the decrease in undrained
shear strength (Cu). The change in undrained shear strength
after scour is quantified and established based on critical
state soil mechanics and expressed as a function of the OCR
(Lin et al., 2014).

2.2. Behavior of layered soils

To account for the behavior of layered soils, previous stud-
ies have calculated ‘equivalent’ soil depths, for example,
using conservation of strength to obtain the p-y behavior
for layered soil deposits (Georgiadis, 1983).

As p-y curves only apply to homogeneous soil deposits,
the p-y curve for a profile with successive layers of different
soil types is determined using a series of equivalent depth
calculations. For example, the equivalent depth of a second

soil layer is found by first calculating the force (F1) acting at
the layer interface as shown in Equation (12).

F1 ¼
ðD1

0
Pult1dH (12)

Pult1 is the ultimate soil resistance of the first layer and D1

is the thickness of the first layer. The equivalent depth
(Xpy2) of the first soil layer that includes the characteristics
of the soil deposit from the second layer is then obtained by
solving Equation (13).

F1 ¼
ðXpy2

0
Pult2dH (13)

Pult2 is the ultimate soil resistance of the second layer.
The same procedure is applied to obtain the equivalent

depth for the second layer including the soil deposit of the
third layer, and so on through the layers in the soil profile.
This approach has been verified experimentally (Georgiadis,
Anagnostopoulos, & Naskos, 1999) for a single pile loaded
laterally and vertically in layered soils. The effect of layered
soils in the vertical direction is considered for both sands
and clays through evaluating the value of effective vertical
stress. The theoretical basis is that the effective vertical stress
is a function of effective unit weight, which changes from
layer to layer, and composite action is required to maintain
the continuity of strength in the vertical direction. For
sands, the ultimate axial resistances of sand (Tultsand

and Qultsand ) are a function of vertical effective stress as indi-
cated in Equations (4) and (5). For clays, the ultimate unit
shaft resistance (Tultclay), as shown in Equation (9), is a func-
tion of both undrained shear strength (Cu) and alpha (a),
where the value of alpha is a function of effective vertical
stress (rv0). Meanwhile, the ultimate end bearing resistance
(Qultclay) of clay is assumed to be only a function of
undrained shear strength (Cu) as shown in Equation (11).

In this article, the authors take an equivalent depth approach
to model behavior of layered soils. However, in addition to con-
servation of strength, conservation of mass is utilised to account
for the effect of soil stress history in layered soils. The proposed
approach is described in detail in the following section.

3. Proposed equivalent stress history and layered
effects methodology (ESHaLE)

3.1. Equivalent depth based on conservation of mass

The process of scour removes soils, unloading and reducing
the effective vertical stress acting on the remaining soil.
Figure 1 shows the consolidation curve of clay under scour
conditions considering the soil stress history. The subscripts
int and sc represent parameters before and after scour,
respectively. rv0 is effective vertical stress, e is void ratio of
soil, Cc is compression index, and Cr is recompression
index. The soil stress history leads to a change in vertical
effective stress, which leads to a change in void ratio.

Sand will exhibit similar consolidation behavior except
for changing the value on the x-axis from rv0 to the mean
effective stress P0, where P0 is used to quantify the change
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of effective pressure. P0 can be also represented in terms of
effective vertical stress as shown in Equation (14), where rh0

is effective horizontal stress.

P0 ¼ r0v þ 2r0h
3

(14a)

P0 ¼ 1þ 2Ko

3


 �
r0v (14b)

The objective is to find an equivalent scour depth and
equivalent layer depths that account for the changes in the
soil parameters due to stress history effects. The change in
effective vertical stress is obtained based on conservation of
mass as follows. Consider first a soil profile with two layers.
The stress history effect in the lower layer is accounted for
with the partial or full removal of the upper layer. The
change in effective vertical stress is quantified by the mass
loss due to the removal of the soil as if it only consists of
soil material from the lower layer. This holds for general
scour conditions, which neglects the effect of scour hole
dimensions in the case of local scour conditions. An
‘equivalent’ scour depth is then found, which is computed
based on conservation of mass.

In general, for a layered soil deposit with layer i and iþ 1
as shown in Figure 2, let Di be the depth of layer i and Sd
the scour depth. zpi is the distance between the initial mud-
line and point of interest, and zsc the distance between the
new mudline after scour and point of interest. Each point of
interest corresponds with a soil spring for which the parame-
ters must be updated. The objective is to find an equivalent
depth of layer i in terms of the layer iþ 1 soil material, (Die),
an equivalent scour depth (Sde), and equivalent distances zsce
and zpie :

The equivalent scour depth and layer depth for a layer i
are calculated based on conservation of mass as shown in
Equations (15a) and (15b), using the ratio of effective unit
weights between adjacent layers. Next, zsce and zpie are com-
puted based on the geometric relations shown in Figure 2
combined with the relations shown in Equations (15a) and
(15b). The expressions for the equivalent distances are
derived in terms of effective unit weights, scour depth, and
layer depth, as shown in Equations (15c) and (15d).

Sde ¼
c0i
c0iþ1

Sd (15a)

Die ¼
c0i
c0iþ1

Di (15b)

zsce ¼ zsc þ c0i
c0iþ1

� 1

 !
Di�Sdð Þ (15c)

zpie ¼ zsce þ Sde (15d)

c0i is effective unit weight of layer i and c0iþ1 is effective unit
weight of layer iþ 1: Once the equivalent depths and dis-
tances are found, the values of Sde and zsce can be used to
compute the updated soil properties including the effect of
soil stress history as if the soil consists of a homogeneous
layer with the detailed procedures presented in the
Appendix (Figures A1 and A2). Note that the Equation (15)
is only applicable for the scenario indicated in Figure 2
where the point of interest is located within the second layer
and scour occurs within the first layer. To generalise to
other scenarios, new expressions for Sde and zsce need to be
determined. The following sections present a comprehensive
set of these expressions for soils with two and three layers
and with varying scour depths. With this proposed method-
ology, the effect of stress history can be accounted for in
any soil layers of interest.

3.2. Overall approach to account for stress history
effects in layered soils

The goal is to obtain modified p-y, t-z, and q-z relations
given scour depth and the soil profile considering both the
stress history and layered soil effects. The stress history
effect is applied to the soil model first to obtain updated
soil properties after scour. Next, the equivalent depths due
to the layered effect are calculated based on the updated
properties of the soil layer. This sequence is chosen such
that the equivalent depth can be calculated based on the
most up-to-date soil properties, including the stress history
effects, enabling more realistic and accurate results. Finally,
the p-y, t-z, and q-z parameters (i.e. ultimate soil resistance)
are determined based on the combined updated soil proper-
ties and equivalent depths. Figure 3 shows the overall pro-
cedure of the proposed methodology.

3.3. Parameters for soils with multiple layers

To accurately model the soil springs after scour including
the effect of soil stress history for layered soils, the soil
parameters at varying points of interest below the mudline
must be calculated. Each point of interest, an example of
which shown in Figure 2, corresponds with the location of a
specific soil spring. The derived expressions for the parame-
ters for different points of interest below the mudline are
now provided. The first case considered is a soil deposit
with two layers. Figure 4 shows the four scenarios for this
case, with varying scour depths Sd and locations of points of
interest below the mudline. Di is the initial soil layer depth,
zpi the distance between the initial mudline and point of

Figure 1. Consolidation curve of clay under scour conditions.
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Figure 2. Finding equivalent layer depth and scour depth for layered soils accounting for stress history effects based on conservation of mass.

Figure 3. Proposed approach to account for soil stress history and layered effects in layered soil profiles.
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interest, and zsc the distance between the new mudline after
scour and point of interest.

For each scenario shown in Figure 4, modified values of
Sd and zsc need to be computed to account for the com-
bined soil stress history and layered soil effects. The sym-
bolic expression for each term as derived based on the
proposed methodology is shown in Table 1. Two equivalent
depths are calculated: zsce is the equivalent value calculated
based on conservation of mass, which is used to determine
the updated soil properties due to the effect of soil stress
history; and zscs is the equivalent value calculated based on
conservation of strength, which is used to determine the
ultimate soil resistance. In the calculation of zscs , an add-
itional term Xpyk is needed. Xpyk is a value of equivalent
depth that accounts for the layered effect in the lateral dir-
ection, with the subscript k representing the term for the
kth scenario. The value of Xpyk is computed by numerical
integration of the equation shown in the rightmost column
of Table 1. Pultpyi is the ultimate soil resistance of layer i in
the lateral direction.

The next case considered is a soil deposit with three
layers. Instead of four separate scenarios as for a two-lay-
ered deposit, there are now a total of nine scenarios. Figure
5 shows a point of interest among layers i� 1, i, and iþ 1,
where the scour occurs only partially in layer i� 1: Di�1 is

the depth of layer i� 1: The scenario where the scour
extends into the second layer is also addressed in the table
of derived equivalent quantities given in Table 2. Figure 6
shows the nine scenarios corresponding to the varying scour
depths and points of interest for three-layered soil deposits.
The equivalent quantities derived for each of the nine scen-
arios shown in Figure 6 are given in Table 2.

For soil deposits with more than three layers, the number
of scenarios will further increase, but a similar methodology
can be applied to derive the equivalent quantities. The
derived expressions presented in Tables 1 and 2 and the
analysis procedure shown in Figure 3 comprise the pro-
posed ESHaLE approach.

4. Example soil profile and single pile test

4.1. Details of selected soil profile

An example soil profile is chosen from the literature
(Aygun, 2009) to illustrate the results of implementing the
proposed methodology. To obtain a realistic soil profile for
bridge foundations, fifty blueprints of existing bridges in
South Carolina were analysed (Aygun, 2009). The profile
chosen for this study is shown in Figure 7 and is typical of
low lands stratigraphy. The soil profile consists of three

Figure 4. Four scenarios for varying scour depths and points of interest below the mudline for two-layered soil deposits.

Table 1. Equivalent quantities for soil deposits with two layers.

Scenario Sde zsce zscs Xpyk

1 Sd zsc zsc –
2 c

0
i

c0iþ1

Sd zsc þ c
0
i

c0iþ1

� 1


 �
ðDi�SdÞ zsc þ Xpy2 þ Sd � Di

Ð Di�Sd
0 Pultpyi dH ¼ Ð Xpy20 Pultpyiþ1dH

3 c
0
i

c0iþ1

Sd
zsc zsc –

4 c
0
i

c0iþ1

� 1


 �
Di þ Sd

zsc zsc –
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layers with the properties of each layer specified based on
typical soil conditions (Yang, Lu, & Elgamal, 2008). The
concrete pile for the bridge is assumed to be 18m in length
with a 2m circular diameter, which is also shown in
Figure 7.

For this soil profile, the results from three models are
shown to compare the outcomes from varying modeling
approaches to evaluate the ultimate resistance of soil. The
first model represents the basic approach with simple
removal of soil springs due to scour without any modifica-
tion. This model is referred to as ‘UMD’ in the rest of this
article, representing an unmodified soil model. The second
model includes only the effect of layered soils, modeled
using equivalent depth calculations. This model is referred
to as ‘LEO’ in the rest of this article, representing a model
that accounts for the layered effect only. The third model is
the proposed ESHaLE model that includes both the soil

Figure 5. Scoured soil deposit with three layers and point of interest below
the mudline.

Table 2. Equivalent quantities for soil deposits with three layers.

Scenario Sde zsce zscs Xpyk

1 Sd zsc zsc –
2 c

0
i�1

c0i
Sd zsc þ c

0
i�1

c0i
� 1


 �
ðDi�1�SdÞ zsc þ Xpy2 þ Sd � Di�1

Ð Di�1�Sd
0 Pultpyi�1dH ¼ Ð Xpy20 Pultpyi dH

3 c
0
i�1

c
0
iþ1

Sd zsc þ c
0
i�1

c
0
iþ1

� 1

 �

Di�1�Sdð Þ

þ c
0
i

c
0
iþ1

� 1

 �

Di

zsc þ Xpy3 þ Sd � Di�1 � Di
Ð DiþXpy2
0 Pultpyi dH ¼ Ð Xpy30 Pultpyiþ1dH

4 c
0
i�1

c
0
i

Sd
zsc zsc –

5 c
0
i�1

c
0
iþ1

Sd zsc þ c
0
i

c
0
iþ1

� 1

 �

Di
zsc þ Xpy5 þ Sd � Di

Ð Di

0 Pultpyi dH ¼ Ð Xpy50 Pultpyiþ1dH

6 c
0
i�1

c0i
� 1


 �
Di�1 þ Sd

zsc zsc –

7 c
0
i�1

c0iþ1

� c
0
i

c0iþ1


 �
Di�1 þ c

0
i

c0iþ1

Sd zsc þ c
0
i

c0iþ1

� 1


 �
ðDi�1 þ Di�SdÞ zsc þ Xpy7 þ Sd � Di�1 � Di

Ð Di�1þDi�Sd
0 Pultpyi dH ¼ Ð Xpy70 Pultpyiþ1dH

8 c
0
i�1

c0iþ1

Di�1 þ c
0
i

c0iþ1

Di
zsc zsc –

9 c
0
i�1

c0iþ1

� 1


 �
Di�1 þ c

0
i

c0iþ1

� 1


 �
Di þ Sd

zsc zsc –

Figure 6. Nine scenarios for varying scour depths and points of interest below the mudline for three-layered soil deposits.
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stress history and layered soil effects. The comparison is
conducted first between the UMD and ESHaLE models, and
next between the LEO and ESHaLE models.

Figure 8 shows the resulting ultimate lateral resistance of
soil, comparing the UMD and ESHaLE models, in 1m inter-
vals along the depth of the pile and for scour depths (Sd)
ranging from 1m to 9m. Although 9m of scour is large
relative to the structural dimensions, it is included for illus-
trative purposes to account for the extreme condition and
the scenario such that the first two soil layers have been
removed due to scour. At each scour depth, the solid line
indicates the result from using the ESHaLE model; the
dashed line indicates the result using the UMD model.
Figure 8(a) compares the values of the ultimate lateral resist-
ance of soil (Pult) along the length of the pile as soil depth
increases from the UMD and ESHaLE models. Figure 8(b)
shows the percentage difference between the two models.
The two boundary layers in the profile are also indicated.

In Figure 8, the UMD resistance curve is the same across
scour depths except for the first point for each level of scour
because in the unmodified model, an increase in scour
depth does not affect the soil behavior. The varying initial
points are because the resistance of the first point is
assumed to be half of the next point. For the initial point,
when scour depth is 1m, the difference between the

ESHaLE and UMD models is relatively small. However, as
scour depth increases, the maximum percentage difference
increases significantly, up to 2000% in the sand layer for a
scour depth of 7m.

Figure 9 shows the comparison of ultimate unit shaft
resistance (Tult) between the UMD and proposed ESHaLE
models. Similar to the lateral behavior shown in Figure 8,
the ultimate unit shaft resistance using the UMD model fol-
lows the same line regardless of the scour level except for
the first point. At the first point, the differences between
using the UMD and ESHaLE models can still be significant,
with a maximum reduction of up to 700% in ultimate unit
shaft resistance, occurring in the sand layer with 7m scour
depth. In Figure 9, the ESHaLE model results in smaller soil
resistance values along the depth of pile for all scour levels.
This is because accounting for the layered soil effect in the
proposed approach results in smaller equivalent depths
compared with the physical depths used in the
UMD model.

The unmodified (UMD) model is usually adopted in
practice, accounting the effect of scour by simply removing
the soil springs in the scoured area without considering any
additional effects. Alternative existing models account for
the layered effect only (LEO). A comparison between the
LEO model and proposed ESHaLE model – which accounts
for stress history in addition to layered soil effects – has
also been conducted. Figure 10(a) compares the calculated
ultimate lateral resistance of soil (Pult) along the depth of
the pile that is obtained from using the LEO (dashed line)
and proposed ESHaLE (solid line) models as scour depth
increases. Figure 10(b) gives the percentage difference
between the two models.

Several interesting points can be observed from Figure
10. First, there is a reduction of ultimate resistance for both
LEO and ESHaLE models at the second interface for 1m
and 3m scour depths, which is due to the layered effect
from the first two layers. Second, when the scour depth is
larger than 3m, the stress history effect dominates. This is
observed because the soil stress history of clay reduces its

Figure 8. (a) Comparison of ultimate lateral resistance (Pult) between proposed ESHaLE and UMD models at varying scour depths and (b) percentage difference
between the two models.

Figure 7. Representative soil profile and pile geometry.
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Figure 9. (a) Comparison of ultimate vertical resistance (Tult) between proposed ESHaLE and UMD models at varying scour depths and (b) percentage difference
between the two models.

Figure 10. (a) Comparison of ultimate lateral resistance (Pult) between proposed ESHaLE and LEO models at varying scour depths and (b) percentage difference
between the two models.

Figure 11. (a) Comparison of ultimate vertical resistance (Tult) between proposed ESHaLE and LEO models at varying scour depths and (b) percentage difference
between the two models.
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ultimate lateral resistance while the stress history of sand
increases its resistance. In comparison, when the scour
depth is less than 3m, the layered effect is more pro-
nounced, as is observed from the result from the third layer.
Third, the importance of accounting for the stress history
effect and not only the layered effect is observed, with a
maximum percentage difference in the soil ultimate lateral
resistance between the LEO and ESHaLE models of
around 50%.

Figure 11 shows the ultimate unit shaft resistance of soil
(Tult) between the LEO and ESHaLE models. Figure 11(a)
shows that the stress history effect reduces the vertical
resistance of clay because the unloading process associated
with scour reduces the value of the undrained shear
strength, which is proportional to Tult of clay. In compari-
son, the stress history effect increases the vertical resistance
of sand because both friction angle and unit weight increase
in the presence of scour. Moreover, there is a reduction at
the first boundary for both models, due to loose sand yield-
ing a smaller ultimate lateral resistance even after account-
ing for the contribution to the strength of the first layer.
Figure 11(b) shows the importance of accounting for stress
history effects in addition to layered soil effects, as the max-
imum percentage difference between the LEO and ESHaLE
models is close to 38%, occurring in the clay layer with a
scour depth of 9m.

Figure 12(a) presents a comparison among all three mod-
els in terms of ultimate bearing capacity (Qult) at varying
scour depths. Figure 12(b) shows the percentage difference
between the ESHaLE and LEO models and the results from a
baseline UMD model. For this soil profile, the bearing resist-
ance is provided by stiff clay only. Figure 12 shows the UMD
and LEO models give a constant bearing resistance regardless
of scour level. In comparison, the ESHaLE model results in a
decreased calculated bearing resistance as scour depth
increases. This is because the stress history effect reduces the
undrained shear strength of the clay. The next section
presents results regarding a single pile test with lateral and
vertical loadings applied separately at the top of the pile con-
sidering the ESHaLE, LEO, and UMD soil models.

4.2. Verification and single pile test

Verification of the proposed method with numerical and
experimental results is now provided. An extensive review of
the literature has shown that experimental data regarding scour
effects on the structural performance of piles is scarce. At the
same time, numerical models that capture the impact of stress
history in layered soils under scour conditions are also lacking
in the literature. Therefore, the authors verify the proposed
ESHaLE framework by parts, as indicated in Figure 3. Part 1
verifies the effect of stress history in homogeneous soils under
scour using both experimental tests and numerical models.
Part 2 verifies the layered effect using experimental results.
Details regarding the verification of each part are now shown.

Comparing results from the ESHaLE model with results
from experimental tests and numerical models in homoge-
neous soils considering scour provides verification of the
stress history effects captured in ESHaLE. As only a homo-
geneous soil is presented, Sd ¼ Sde and zpi ¼ zpie , verifying
the accuracy of the ESHaLE model within only an individ-
ual soil layer, but considering both stress history and scour
effects. Verification is provided for both sand and soft clay.
For the analysis in a sand foundation, for an initial condi-
tion, results from ESHaLE are compared with experimental
field pile tests without scour as a baseline. Table 3 shows
the soil properties for the uniformly graded fine sand from
Mustang Island, Texas (Cox, Reese, & Grubbs, 1974). As
shown in Figure 13(a), the laterally loaded pile has a length,
outer diameter, and thickness of 21.3m, 0.61m, and
0.0095m, respectively. The effect of scour is analysed by
comparing results from the ESHaLE model with those from
a numerical model obtained using LPILE Plus 5.0 from Lin
et al. (2010) considering a scour depth of 3m as well as the
effect of stress history. The ESHaLE model is implemented
in the finite element platform OpenSees (McKenna, 1997).
Figure 13(b) presents the results for verification. Compared
with the pre-scoured condition, 3m scour depth increases
the pile lateral deflection at the ground line due to the
removal of soil. The results from the ESHaLE model and
numerical model from Lin et al. (2010) are close, with the

Figure 12. (a) Comparison of ultimate bearing resistance (Qult) between proposed ESHaLE, LEO, and UMD models at varying scour depths and (b) percentage
difference between the three models.
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discrepancy mainly due to the different selection of p-y rela-
tions between the two models. Lin et al. (2010) adopt the p-
y relation from Reese et al. (1974), whereas the current
study uses the p-y relation from API shown in Equation (3)
available in OpenSees. The resulting difference between the
two models is small with an average difference of 8.0%.

Next, a similar verification process is performed for a
single pile embedded in a clay foundation. The soil is soft
clay near Lake Austin, Texas, with pile test conducted by
Matlock (1970) for baseline pre-scour conditions. The soil
properties are listed in Table 4, and the undrained shear
strength along the depth of the soil is shown in Figure 14
(Reese & Van Impe, 2001). Figure 15(a) shows the geometry
of the laterally loaded pile in clay. Figure 15(b) shows the of
pile-head deflection versus laterally applied load for ESHaLE
results compared with both experimental and numerical
results. The numerical result from Lin et al. (2014) is
obtained using LPILE 5.0 considering the effect of stress his-
tory and scour. The value of scour depth (Sd) used for com-
parison is 10B, where B is the diameter of the pile. The
difference between the results from ESHaLE and the numer-
ical model from Lin et al. (2014) is small due to the use of
the same p-y relation (Matlock, 1970) and methodology to
account to the effect of stress history, with an average differ-
ence of 2.3%.

The first part of the verification verifies the ability of
ESHaLE to capture scour and stress history effects. The
second part of the verification focuses on the ability of the
proposed approach to capture layered soil effects. Results
from the ESHaLE model are compared with results from
experimental tests for a single pile loaded laterally and verti-
cally in layered soils under no scour conditions (Sd ¼ 0) as
shown in Figure 16(a) (Georgiadis et al., 1999). Note that
the LEO model is equivalent to ESHaLE model when

Table 3. Properties of sand (Cox et al., 1974).

Critical friction angle (�) Effective unit weight (kN/m3) Relative density (%) Maximum void ratio Minimum void ratio Specific gravity

28.5 10.4 70 (depth � 3m)90 (depth � 3m) 1.0 0.598 2.65

Figure 13. (a) Laterally loaded pile in uniform fine sand and (b) deflection at ground line versus laterally applied load for measured data and numerical models
with the effect of stress history under scour.

Table 4. Properties of soft clay.

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

Figure 14. Distribution of undrained shear strength of soft clay measured by
Reese and Van Impe (2001).
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considering responses in layered soils with no scour.
Further verification between the ESHaLE and LEO models
is conducted for single pile test results that follow. For the
experimental test, the full scale pile has a total length of
42.0m with 3m diameter from ground level to a depth of
3.0m and 1.5m below this depth. The pile test is subjected
to an axial load and subsequently to a lateral load using
hydraulic jacks. The soil profile is derived from a geotech-
nical site investigation. Figure 16 shows the details regarding
the pile geometry, design soil profile, and verification of the
ESHaLE model with experimental results in terms of the lat-
eral and vertical displacements versus applied loads. The
results shows close agreement between the results from the
ESHaLE model and those from the pile test, especially in
the lateral direction, where the displacement differences
range from 0.2mm to 2.2mm, with an average percent dif-
ference of 7.1%. For the vertical direction, the larger differ-
ence between the numerical and experimental results, with
displacement differences ranging from 0.2mm to 2.4mm

and an average percent difference of 27.1%, is mainly due to
the lack of information regarding the modeling of the q-z
behavior of the bottom soil layer. The bottom layer consists
of interbedded dense sand and stiff clay and the finite elem-
ent platform OpenSees only allows modeling of q-z relations
with homogenous soil types, while the authors have found
that the ultimate end-bearing capacity as well as the choice
of q-z relation used at the base of the pile to simulate soil-
structure interaction will impact the overall results. Note
that the verification results in this section are comparable to
the verification of previous numerical models with experi-
mental test results, where, for example, in Georgiadis et al.
(1999), displacement differences range from 0.0mm to
3.0mm with an average percent difference of 6.0% for lat-
eral loads, and displacement differences range from 0.0mm
to 7.5mm with an average percent difference of 19.9% for
vertical loads.

The proposed ESHaLE model is now implemented and
compared to prior models through investigating the lateral

Figure 15. (a) Laterally loaded pile in soft clay and (b) pile-head deflection versus laterally applied load for measured data and numerical models with the effect of
stress history under scour.

Figure 16. (a) Setup of pile test and soil profile (Georgiadis et al., 1999), (b) lateral load versus pile head lateral displacement, and (c) axial load versus pile settle-
ment for ESHaLE model compared with experimental pile test in layered soil.
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and vertical responses from the ESHaLE, LEO, and UMD
models for a single pile test in the soil profile shown in Figure
7. Note that the results from the proposed ESHaLE model
would be identical to those from the LEO model under condi-
tions of zero scour. The results shown in this section also
serve to explore the structural performance across scour
depths of a laterally and vertically loaded pile in layered soil
considering the different soil models under static loading.
Figure 17(a) presents the geometry, applied loads, and com-
position of the layered soil used in this example. The pile has
a diameter of 2m, embedded length of 18m, and pile head
length of 1m, and it is modeled as a beam on a nonlinear
Winkler foundation using OpenSees. The pile consists of 19
displacement-based beam-column elements with discretised
length of 1m between nodes, and the constitutive material is
assumed to be linear elastic for simplicity. Figure 17(b) shows
the modeling of the soil-structure interaction. The soil
springs, which consist of p-y, t-z, and q-z springs, are modeled
using zero-length elements with uniaxial material assigned in
lateral and vertical directions separately. This analysis consid-
ers applying a lateral load (Ph) of 1000 kN and a vertical load
(Pv) of 2000 kN in the positive x direction and negative z dir-
ection, respectively.

Figure 18(a) shows results for the displacement along the
pile under a laterally applied load (Ph) with varying scour
depths of 0m, 1m, and 3m. The main observations are as
follows. First, the lateral responses from the ESHaLE and
LEO models converge at 0m scour depth as no scour event
has occurred. A minimal difference between the ESHaLE
and LEO models is observed at 1m scour depth, which
indicates the impact of stress history on the lateral behavior
of piles is limited for small scour depths in terms of pile
deflection. As scour level increases, the difference between
the ESHaLE and LEO increases, indicating the effect of
stress history on the response. Second, the UMD soil model
gives unreliable deflection results due to the fact that the
UMD model assumes no change has been made to soil

parameters (i.e. Pult, Tult, and Qult) in the presence of scour
and neglects the influence of the layered soil effect. The dif-
ference, i.e. error, between the UMD and other two models
increases as the scour level increases. Figure 18(b,c) present
the corresponding shear and moment diagrams along the
pile in response to the laterally applied load.

To examine the vertical performance of the pile consider-
ing varying scour depths and different soil models, Figure
19(a) shows the maximum axial displacement of the pile
after applying a vertical load of 2000 kN at the pile head
considering varying scour depths. Consistent with previous
soil responses, the pile with the ESHaLE model exhibits the
highest axial displacement with a maximum increase of
more than 110% at a scour depth of 9m in comparison
with the response from the UMD model as shown in Figure
19(b). Unlike the response from the laterally loaded pile, the
impact of stress history is significant in terms of the axial
response, with a maximum increase of 30% between the
ESHaLE and LEO models at a scour depth of 9m. The dif-
ference is mainly attributed to the reduction of end-bearing
capacity with the inclusion of the effect of stress history in
ESHaLE as shown in Figure 12. In both Figures 15 and 16,
as expected, at minimum scour depths, the difference
between the ESHaLE and previously verified LEO model is
minimal. Finally, while results are shown here for single pile
foundations, the ESHaLE model will also work for pile
groups with the note that the ESHaLE model is only valid
under the assumption of a general scour scenario. For cases
where the effects of local scour are of interest, the scour
hole geometry will impact single piles and pile groups dif-
ferently. Future research can incorporate the ESHaLE model
together with the influence of scour hole geometry in lay-
ered soils for both single piles and pile groups.

The next section shows how the differences in calculated
soil properties (i.e. the varying ultimate soil resistance values
shown in this section) from using the ESHaLE compared to
layered effect only and unmodified soil models impact the

Figure 17. (a) Schematics of single pile and (b) modeling of the soil-structure interaction with lateral and vertical loadings applied separately in layered soil.
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vulnerability of full bridge structures under scour condi-
tions. The impact is investigated considering the dynamic
response of a bridge analysed using varying soil models.

5. Bridge evaluation

5.1. Bridge geometry and modeling details

The bridge studied is of a common single-bent concrete box-
girder type with integral pier (Mackie & Stojadinovic, 2003).
The bridge type is selected for illustrative purposes, and with
previous research (Wang et al., 2014) having also used this
bridge type for the study of scour phenomenon. The bridge
has a span length of 36.6m and a 2m wide circular column
diameter with height of 10m. The cross-section of the deck is
a 4-cell box girder with reinforced concrete construction with
total width of 11m and depth of 2m. A Type I pile shaft foun-
dation is used, and the length of the embedded pile shaft is
assumed to be 1.75 times the length of the column above
grade. Figure 20 shows the longitudinal and transverse views
of the selected bridge type. The corresponding dimensions of
the bridge are shown in Table 5. Further bridge details can be

found in Mackie and Stojadinovic (2003). The soil profile for
the bridge evaluation is as shown in Subsection 3.3. The pro-
file consists of three soil layers of soft clay, loose sand, and stiff
clay from the top to the bottom.

A finite-element model of the bridge is built in the software
OpenSees. For the substructure, the bridge column is modeled
using a single force-based element with fiber discretisation in
the cross-section. Four integration points along the column are
used to capture the flexural response. The ‘Concrete02’material
model is used for the uniaxial constitutive behavior of the con-
crete, and the confinement effect in the column is captured
through special treatment of the stress-strain behavior of the
concrete fiber (Mander, Priestley, & Park, 1988). The ‘Steel01’
material model is used for the reinforcement uniaxial material
with linear hardening behavior. The pile foundation is imple-
mented using multiple force-based elements with two integra-
tions points (He, Liu, Wang, & Ye, 2016), which consists of the
same fiber discretisation as in the column section.

For the superstructure, the deck is modeled using linear elas-
tic beam-column elements. The modeling of the abutment
adopts the SDC 2004 abutment model (Mackie & Stojadinovic,
2006), and it is assumed to be a seat-type abutment with an

Figure 18. (a) Lateral displacement, (b) shear, and (c) moment diagrams along a single pile considering three soil models and varying scour depths under laterally
applied load.
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initial gap of about 150mm (Priestley, Seible, & Calvi, 1996).
The abutment model consists of longitudinal, transverse, and
vertical nonlinear abutment responses. In particular, the longi-
tudinal system response considers the responses of the elasto-
meric bearing, gap, abutment pile, backfill material, and impact
between the deck and abutment backwall. The transverse
response considers system responses of the elastomeric bearing,
wing walls, abutment piles, and backfill material. The vertical
response of the abutment model is assumed to be affected by
the vertical stiffness of the bearing pad only. Two bearing pad
springs with 50mm depth (Mackie & Stojadinovic, 2003) have
also been added to the bridge models. The modeling of the
elastomeric bearing uses nonlinear springs with perfectly plastic

behavior, and yield displacement of the bearings is assumed to
be at 150% of the shear strain.

The modeling of soil–structure interaction (SSI), as
shown in Figure 17(b), is implemented using the dynamic
p-y method to explicitly account for SSI effects while main-
taining an acceptable computing time for probabilistic anal-
yses (Wang et al., 2014). The nonlinear p-y and q-z
behaviors are conceptualised as consisting of elastic, plastic,
and gap components in series; the nonlinear t-z behavior is
conceptualised as consisting of elastic and plastic compo-
nents in series. Further details regarding this method can be
found in Boulanger, Curras, Kutter, Wilson, and Abghari
(1999). The foundation pile is modeled as a beam on a

Figure 19. (a) Comparison of maximum axial displacement of single pile between ESHaLE, LEO, and UMD models at varying scour depths and (b) percentage dif-
ference between the three models.

Figure 20. (a) Longitudinal view of single-frame box-girder concrete bridge and (b) transverse view.

Table 5. Geometric parameters of the selected bridge.

Span Length (L), m Column height(H), m Column diameter (Dc), m Deck width (DwÞ, m
Single-bent box-girder bridge 36.6 10.0 2.0 11
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nonlinear Winkler foundation. Lateral SSI is captured by a
p-y spring, while vertical axial friction and tip bearing cap-
acity are captured by t-z and q-z springs, respectively. This
study assumes stiff clay and soft clay share the same p-y
relation due to the limited set of p-y relations implemented
in OpenSees, and the fact that the p-y relation for stiff clay
without free water does not soften after reaching peak stress
(Welch & Reese, 1972). Note that the proposed ESHaLE
framework will be valid regardless of the modeled behavior
of the soil p-y relation. In specifying the soil spring proper-
ties, the three varying soil models (ESHaLE, LEO, and
UMD) are implemented in OpenSees to capture differences
in the soil response.

5.2. Seismic response of bridge with layered soils

To assess the bridge response in detail, this section presents
the seismic response of the bridge under a particular ground
motion shown in Figure 21. Fragility assessment of the
bridge under a suite of ground motions is presented in the
following section. The ground motion is selected from the
PEER database (Baker, Lin, Shahi, & Jayaram, 2011) with
two horizontal components and one vertical component as
shown in Figure 21. The ground motion name is Loma
Prieta with a magnitude of 6.93 and shear wave velocity in
the top 30m of 489m/s. The seismic analysis is imple-
mented through a uniform input across the soil depth
(Shang, Alipour, & Ye, 2018). Five levels of scour are con-
sidered for this section: scour depths of 1m, 3m, 5m, 7m,
and 9m. Nonlinear response history analyses are run and
performance of critical bridge elements are evaluated. The
critical responses include the vertical displacement of the
column, the curvature distribution of the bridge column,
and the transverse and longitudinal deck displacements.

Excessive vertical displacement of column could lead to
local failure of the bridge deck due to concrete crushing in
the compression region. Figure 22 presents the maximum
vertical displacement of the column at each scour depth
from using the three soil models. From Figure 22, when the
scour depth is less than 3m, the LEO model exhibits slightly

larger vertical displacements among the three soil models
because the stress history effect of sand becomes the govern-
ing factor, increasing the vertical resistance. However, the
trend changes at higher scour depths. From Figure 22(b),
looking over the full time history, there is an increase of
16% and 10% in calculated vertical displacement between
the ESHaLE and UMD, and LEO and UMD models,
respectively. These values indicate the underestimation in
the estimation of the vertical displacement response possible
if analyses do not properly account for both the stress his-
tory and layered soil effects.

Figure 23 presents the maximum curvature distribution
along the column and pile for the five different scour levels.
The curvature distribution shown in Figure 23 accounts for
both the transverse and longitudinal directions through their
geometric mean. Excessive curvature demand could lead to
flexural failure of the column. The results in Figure 23 lead to
several observations. First, the maximum curvature distribution
of the ESHaLE model and LEO models are close to each other
regardless of changes in scour depth, implying that the stress
history effect has a limited influence on the lateral behavior of
the vertical element. Second, due to the layered effect, the max-
imum curvature distributions of the ESHaLE and LEO models
begin to deviate from the UMD model from a scour depth of
3m onward. The maximum curvature distribution changes by
decreasing the relative curvature at the top of the column as
well as the portion below mudline level for the ESHaLE and
LEO models compared with UMD model. This is because the
redistribution of forces along the pile due to the change of soil
stiffness influences the deformation of the structural member.
Third, the largest maximum curvature demand always occurs
in the UMD model due to the stiffer soil model without
accounting for the layered soil effects. Fourth, the magnitude of
the maximum curvature distribution for all three cases
decreases as scour depth increases due to the lengthening of the
structural period and reduction of seismic force attracted. In
addition to the maximum curvature distributions, Figure 24
presents hysteresis loops at the top of bridge column where
maximum curvature occurs considering the three different
models. Figure 24 shows both transverse and longitudinal
moment-curvature responses of the column. The results are
consistent with those from Figure 23 showing inelastic behav-
iors and the largest value of curvature occurring in the
UMD model.

Finally, the horizontal displacement of the deck is also
evaluated. Excessive displacement of the deck at the seat abut-
ments could lead to unseating of the bridge deck. For brevity,
the time-history responses of the bridge deck for only two lev-
els of scour of 5m and 9m are shown in the transverse
(Figures 25(a,b)) and longitudinal (Figure 25(c,d)) directions,
respectively. From Figure 25, one observes that first, there is
only a small difference in terms of maximum displacement
exhibited among the three soil models, especially in the longi-
tudinal direction. Second, the lower scour level (i.e. 5m) leads
to a higher displacement demand in comparison with the
higher scour level (i.e. 9m) in the transverse direction. This is
due to the increasing structural period with scour depth,
decreasing the attraction of seismic force at higher scour

Figure 21. Three components of the selected ground motion.
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levels. Third, while a residual displacement is observed from
the time-history response of the deck in the transverse direc-
tion, with the UMD model resulting in a higher residual dis-
placement than the other two models, after an investigation of
the residual displacement of the bridge deck considering mul-
tiple ground motions, the authors have found that the differ-
ence of residual displacement among the three models is due
to several factors, including characteristics of the ground
motion, soil modeling, and scour level. The next section pro-
vides an assessment of the three soil models considering mul-
tiple ground motions using fragility analyses.

5.3. Fragility assessment of bridges with layered soils

A total of 59 ground motions with two horizontal compo-
nents and one vertical component are considered for fragil-
ity assessment. The ground motion suite is chosen from the
PEER database (Baker et al., 2011), and the spectral acceler-
ations for all three components are shown in Figure 26.
Note that the current study only focuses on uncertainty in
ground motions with the assumption that the same uncer-
tainties exist between the proposed and existing models
because the goal of the study is to present a new soil model

Figure 22. (a) Maximum vertical displacement of column for varying scour depths considering three soil models and (b) percentage differences between ESHaLE
versus UMD models and LEO versus UMD models.

Figure 23. Curvature envelope along column and foundation pile using the three soil models considering (a) 1m, (b) 3m, (c) 5m, (d) 7m, and (e) 9m
scour depths.
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(ESHaLE) that is capable of capturing the impact of stress
history of the layered soil in both lateral and vertical direc-
tions. The uncertainties associated with the soil profile, e.g.
layer thickness, soil composition, etc., as well as uncertain-
ties in the soil properties will influence the bridge fragility
assessment. However, these analyses, including the effects of
uncertainties, are outside the scope of the current study and
would be an interesting topic for future studies on bridge
performance.

Here, analytical fragility curves are computed through
running a series of nonlinear time history analyses on deter-
ministic bridges. A number of previous studies have adopted
this methodology for fragility assessment (Choi et al., 2004;
Nielson & DesRoches, 2007; Padgett, 2007; Zhang,
DesRoches, & Tien, 2019a). The uncertainty considered in
this fragility assessment is in variation of ground motions.
The column fragility is expressed as the probability of
exceeding some damage state for a specific intensity meas-
ure. This probability of failure Pf can be expressed as a
function of parameters of the capacity and demand variables
assuming both follow a lognormal distribution as shown in
Equation (16).

Pf ¼ U
lnSd=Scffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2d þ n2c

q
0
@

1
A (16)

Uð�Þ is the standard normal cumulative distribution func-
tion. Sd and Sc are the median parameters for the demand
and capacity distributions, respectively, and nd and nc are
the lognormal standard deviation of the demand and cap-
acity distributions, respectively.

Following the findings from the previous section, the engin-
eering demand parameters are selected to be the vertical dis-
placement and curvature ductility of the column. As the
ESHaLE model results in a reduced curvature demand in com-
parison with the UMD model as shown in Figure 23, column
curvature is expected to yield a decreased curvature demand in
comparison with the UMD model. The effect of stress history
of layered soils has a less significant impact on the curvature
demand due to a large portion of bridge lateral stiffness being
contributed to from the abutments. In terms of lateral bridge
performance, a curvature ductility (l/) value of 12 is selected
to be a threshold value to describe flexural failure of the col-
umn due to buckling of the longitudinal reinforcement in post-

Figure 24. Moment-curvature responses of the column in (a) & (b) transverse and (c) & (d) longitudinal directions for scour levels of (a) & (c) 5m and (b) & (d) 9m.
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1990s bridge designs (Ramanathan, 2012). Note that shear fail-
ure of the bridge column is not considered in this study as it is
less likely to occur for this bridge type where the column and
pile shaft share the same cross section. Increasing the unbraced
length due to scour leads to a larger shear span to depth ratio,
which could increase flexural cracking and reduce shear
strength (Sezen & Moehle, 2004). However, the reduction of
seismic demand due to scour for this bridge type (Zhang,
DesRoches, & Tien, 2019b) decreases the probability of occur-
rence of shear failure.

In terms of performance of the bridge deck, bridge deck
deflection limits are considered. Aashto (2012) defines a ser-
viceability limit of L/800 for the bridge deck deflection.
Assuming the bridge deflection limit goes beyond the ser-
viceability limit, this study uses L/250 as the threshold for
fragility assessment. This value is selected based on previous
studies of bridge inspections (Roeder et al., 2002). In that
study, the largest deflection measured among inspected
bridges after applying HS20-44 standard truck loading was a
critical deflection of L/264 in the center span as experienced

Figure 25. Time history response of deck (a) & (b) transverse and (c) & (d) longitudinal displacement for scour levels of 5m and 9m.

Figure 26. Spectral accelerations of ground motion suite for (a) horizontal component one, (b) horizontal component two, and (c) vertical component.
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by the US-50 bypass bridge. As such, a similar value is used
as a benchmark to evaluate the bridge deck deflection under
a larger loading. Note that other limit states can also be
chosen. For example, the bridge deck can be modeled with
nonlinear elements to capture nonlinear behavior of the
bridge deck and an instance of material failure (i.e. crushing
of concrete or buckling of reinforcement). Such limit states
can be defined and the proposed ESHaLE method can be
applied for analysis without loss of generality.

Fragility curves for column lateral performance are
shown in Figure 27 for 1m, 3m, 5m, 7m, and 9m scour
depths. Based on the results, the failure probabilities
obtained from all three models are consistent with results
presented previously. The results show the following: first,
as scour levels increase, the probabilities of exceeding the
collapse damage state for all three models decrease. This is
because for this bridge type, the removal of soil springs due
to scour lengthens the fundamental period of the bridge,
reducing the seismic demand (e.g. the curvature ductility
demand) and acting as a base isolation in the presence of a
more flexible foundation system. This phenomenon is also
observed in Wang et al. (2014). The decrease in failure
probability can also be due to the characteristics of the
selected bridge type. In contrast to having a relatively flex-
ible connection (i.e. elastomeric bearing) between the bridge
deck and column, the integral connection enables the super-
structure and substructure to act as a whole and restrains
the column from displacing excessively under scour condi-
tions. A different soil type could also influence the bridge

response by providing different stiffness in the presence of
scour. Second, the results show that the UMD model yields
the highest failure probabilities among the three models
across all scour levels. This is because the UMD model pro-
duces stiffer soil springs as it is accompanied by a higher
value of lateral resistance as shown in Figure 8, resulting in
attracting a larger seismic demand. Third, by comparing the
fragility curves between the ESHaLE and LEO models, the
impact of stress history is more influential at low scour lev-
els (e.g. 1m) with a slightly higher failure probability from
the LEO model because the low scour level is accompanied
by attraction of a higher seismic force. The impact of stress
history of layered soils on lateral bridge performance is min-
imal at higher scour levels.

Figure 28 presents the demand distribution of bridge
deck deflections as a function of peak ground acceleration
(PGA) for 1m, 3m, 5m, 7m, and 9m sour levels after per-
forming 59 nonlinear time history analyses for each scour
depth. Figure 29 summarises the mean values from Figure
28 and shows that the proposed model exhibits the highest
deflection among the three models. There is a maximum
increase of 16% and 8% between the ESHaLE and UMD
models and between the LEO and UMD models, respect-
ively. The ESHaLE model results in a larger increase in the
mean value of the deck deflection due to the fact that as
scour depth increases, the contribution of side friction
reduces due to the removal of t-z springs, which in turn
increases the contribution of the tip resistance. As a result,
based on Figure 12, at larger scour depths, the ESHaLE

Figure 27. Probability of exceeding flexural failure of bridge column using the three soil models for (a) 1m, (b) 3m, (c) 5m, (d) 7m, and (e) 9m scour levels.
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model has lower resistance in comparison with the
other models.

Fragility curves for vertical displacement of the col-
umn are presented in Figure 30 for 1m, 3m, 5m, 7m,
and 9m scour depths. The results from the fragility
assessment are consistent with the component-level col-
umn vertical displacement responses presented in Figure
22. When the scour depth is less than 5m, the LEO
model results in a higher probability of exceedance as the
stress history effect of the sand layer increases the verti-
cal resistance of the soil. However, when the scour depth
is 5m or larger, the ESHaLE model yields a higher

probability of exceedance. Figure 31 presents the prob-
ability differences among the three soil models based on
the results shown in Figure 30. Figure 31(a) gives the
probability difference between the ESHaLE and LEO
models, with a maximum probability difference of around
25% at 9m scour depth. Figure 31(b) gives the probabil-
ity difference between the ESHaLE and UMD models,
with a maximum probability difference of around 46% at
9m scour depth. Both Figure 31(a,b) show that the
impact of including the stress history effect in bridge vul-
nerability assessment is magnified and becomes more
critical as scour depth increases.

Figure 28. Maximum vertical displacement of bridge deck versus PGA for (a) 1m, (b) 3m, (c) 5m, (d) 7m, and (e) 9m scour depths.

Figure 29. (a) Mean deflections of bridge deck versus scour depth and (b) percent increase between the ESHaLE and UMD and LEO and UMD models.
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6. Conclusions

This study proposes a new methodology called the ESHaLE
approach to account for the effect of stress history in soil
profiles with multiple layers, including both sandy and
clayey soils. The theoretical basis of ESHaLE model consists
of two main aspects. First, the impact of stress history on
the behavior of soils is captured based on conservation of
mass under a general scour scenario. Second, to accommo-
date the special characteristic of layered soils, the layered

effect is also included in the ESHaLE model based on con-
servation of strength for the lateral response and continuity
of effective vertical stress for the vertical response. The con-
servation of mass along with the conservation of strength
are used to find equivalent layers and corresponding equiva-
lent layer depths, scour depths, and soil properties for vul-
nerability assessment of scoured bridges. The methodology
is verified through comparison with both existing models
and experimental tests. ESHaLE is evaluated on an example
soil profile, and implemented on a laterally and vertically

Figure 30. Probability of exceeding L/250 deflection of bridge deck using the three soil models for (a) 1m, (b) 3m, (c) 5m, (d) 7m, and (e) 9m scour levels.

Figure 31. Probability differences between ESHaLE model and (a) LEO model and (b) UMD model in terms of probability of exceeding L/250 deflection threshold.
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loaded pile for a static analysis as well as a full bridge struc-
ture for a dynamic analysis with the goal of assessing seis-
mic vulnerability under scour conditions. Three soils models
are compared: the proposed ESHaLE model that is able to
capture both the stress history and layered soil effects, the
LEO model that includes the layered effect only, and the
UMD model that represents the unmodified soil model and
ignores both the layered and stress history effects. The main
findings based on the results from the single pile test and
the seismic vulnerability analyses of the bridge considering
the three soil models are as follows:

� The results from the laterally and vertically loaded pile
show that the impact of stress history on the lateral
response of the pile increases as scour level increases.
For the vertically loaded pile, using the proposed
ESHaLE model results in the largest value of axial dis-
placement among the three models with a maximum
increase of 35% in comparison with the LEO model due
to stress history effects on the structural response.

� From the results from a selected ground motion, an
increase of up to 10% and 16% in terms of column verti-
cal displacement is observed in using the proposed
ESHaLE model compared with the LEO and UMD mod-
els, respectively. Importantly, as scour depth increases,
column vertical displacements obtained from using the
ESHaLE model are amplified in comparison with the val-
ues from the LEO or UMD models.

� From the fragility assessments for flexural failure of the
bridge column, the failure probabilities obtained from
implementing the proposed ESHaLE model compared
with the LEO model show the impact of stress history is
more significant at low scour levels due to the attraction
of higher seismic force in comparison with results for
higher scour levels

� From the fragility curves, using the ESHaLE soil model
results in a 25% and 46% higher probability that the
deflection of the deck will exceed a L/250 threshold in
comparison with the LEO and UMD models, respect-
ively. The increase in estimated exceedance probability
increases as scour depth increases.

� Taken together, these findings show the importance of
implementing a modeling approach as proposed with
ESHaLE that includes the effect of soil stress history to assess
the vulnerability of scoured bridges in layered soils.
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Appendix

Calculating changes in soil properties due to the effect
of stress history

Figures A1 and A2 show the equations and overall procedures used to
obtain the updated properties of sandy (Lin et al., 2010) and clayey
(Lin et al., 2014) soils, respectively, considering the effect of stress his-
tory. These procedures are incorporated in the framework of the
ESHaLE model presented throughout the article.
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Figure A1. Procedures of computing soil properties considering the effect of stress history for sandy soil.

Figure A2. Procedures of computing soil properties considering the effect of stress history for clayey soil.
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