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Abstract: Anchored sheetpile walls, which are commonly used as waterfront retaining structures in wharf construction, are
highly susceptible to earthquake-induced damage. The extent of the seismic deformations of anchored sheetpile walls
depends on the level of earthquake loading (e.g., peak ground acceleration Amax and earthquake magnitude Mw). For the
probabilistic seismic design at a given site in a specified exposure time, the earthquake loading may not be assumed as a
constant; rather, it is more reasonable to express the loading as the joint distribution of the peak ground acceleration Amax and
earthquake magnitude Mw. This paper presents a probabilistic analysis of the seismic deformation of anchored sheetpile walls.
In this study, the joint distribution of the peak ground acceleration Amax and earthquake magnitude Mw is derived based upon
the USGS National Seismic Hazard Maps data, and the uncertainty in the soil parameters is considered with the random
variable theory. To predict the seismic deformation of anchored sheetpile walls given the input parameters of the peak ground
acceleration Amax, earthquake magnitude Mw and soil parameters, a recently developed data-driven model is utilized. Given
the uncertain nature of the input parameters, the distribution of the seismic deformation of anchored sheetpile walls at the
studied site in a specified exposure time is derived using Monte Carlo simulation (MCS). Further, a procedure for evaluating
the probability of exceedance for a given threshold deformation is established. To demonstrate this probabilistic seismic
deformation analysis, an illustrative example is presented.
Keywords: Anchored sheetpile walls; seismic deformation; Monte Carlo simulation (MCS); probability of exceedance.

1

Introduction

The most significant seismic damage to sheetpile walls may be manifested as excessive horizontal deformations
and/or settlements (i.e., serviceability issues). In such a situation, earthquake-induced deformation of waterfront
retaining structures is one of the key issues in the seismic design at many ports. In recent years, the performancebased seismic design approach, in which the seismic deformations (i.e., horizontal deformation and settlement)
of anchored sheetpile walls must be explicitly considered, is gaining greater acceptance (PIANC WG 34 2001;
Iai 2005; POLA 2010; ASCE/COPRI 2014). The prediction of seismic deformations of anchored sheetpile walls
is, however, a complicated issue; and, the behaviors of the soils, water, structures and soil-structure interactions
under dynamic loadings must be properly considered for an accurate prediction of these seismic deformations.
However, none of these aspects can be fully captured with the current knowledge; thus, inevitable uncertainty
can be involved in the predicted seismic deformations. Further, the inputs of the soil properties and dynamic
loadings can both be rather scattered and uncertain. Hence, it could be more appropriate to predict the seismic
deformations of anchored sheetpile walls in a probabilistic manner, and the probability of exceedance of the
seismic deformations will play a more vital role in the performance-based seismic design.
This paper presents a probabilistic analysis of the seismic deformations of anchored sheetpile walls. In the
context of the presented probabilistic analysis, a data-driven empirical model developed recently by the authors
(Gong et al. 2019), model uncertainty of which has been calibrated with field case history data, will be adopted
as the solution model for predicting seismic deformations of anchored sheetpile walls. The inputs of the dynamic
loadings, which can be captured approximately by the peak ground acceleration Amax and earthquake magnitude
Mw, are modelled as discrete random variables, the joint probability mass functions of which, in this study, will
be derived based upon the USGS National Seismic Hazard Maps data with the procedure outlined in Juang et al.
(2008). Another source of the uncertainty in the prediction of the seismic deformations of anchored sheetpile
walls might come from the characterization of the soil properties at the wharf site. Owing to the inherent spatial
variability of the soil properties and the limited availability of borehole investigations, the soil properties at a site
could be rather uncertain, and which are oftentimes characterized as fuzzy or random variables, or random fields
(Christian et al. 1994; Duncan 2000; Ching and Phoon 2013; Jiang et al. 2014). The soil properties at the wharf
site, in this study, will be simulated as random variables due to the limitation of the adopted solution model and
the simplicity of the random variable simulation. With the characterized uncertainty in the solution model and
input parameters, the seismic deformations of anchored sheetpile walls can readily be studied with the Monte
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Carlo simulation (MCS) and the probability of exceedance for a series of threshold deformation values could be
derived, which allows for a more informed performance-based seismic design of anchored sheetpile walls.
The rest of this paper is organized as follows. First, the solution model adopted for predicting the seismic
deformations of anchored sheetpile walls is reviewed. Second, the uncertainties in the inputs for the probabilistic
seismic deformation analysis of anchored sheetpile walls are discussed. Third, a sampling procedure for deriving
the probability of exceedance of the seismic deformations is presented. Fourth, an illustrative example is studied
to demonstrate the probabilistic analysis framework, and parametric analysis is conducted to investigate how the
probability of exceedance (of the seismic deformations) is influenced by the input factors such as the earthquakeinduced ground motions and the variability of the soil properties.
2

Deterministic Model for Predicting Seismic Deformations of Anchored Sheetpile Walls

A schematic diagram for the analysis of an anchored sheetpile wall under an earthquake loading is illustrated in
Figure 1. The outputs of this seismic analysis are the sheetpile wall deformations (i.e., horizontal deformation
and settlement), and the inputs are the parameters of the sheetpile wall, the tie-rod, the anchor, the adjacent soils,
and the characteristics of the earthquake loadings. Note that the seismic deformations of anchored sheetpile walls,
in this study, are mainly referred to as the maximum horizontal deformation dhm and the maximum settlement dvm
of the anchored sheetpile wall, as the seismic damage to sheetpile walls is closely related to these two terms.

Figure 1. Schematic diagram for the analysis of an anchored sheetpile wall under an earthquake loading.

In reference to Gong et al. (2019), the seismic deformations of anchored sheetpile walls can be related to the
following input parameters: peak ground acceleration Amax, duration of strong earthquake TSE, height of sheetpile
wall above dredge line Hs, embedded depth of sheetpile wall below dredge line Ds, flexural stiffness of sheetpile
wall EsIs, length of tie-rod Lc, tensile stiffness of tie-rod EcRc2, height of anchor-pile Ha, flexural stiffness of
anchor-pile EaIa, SPT blow count of the backfill (N1)60b and SPT blow count of the foundation (N1)60, as depicted
in Figure 1. Here, the maximum settlement yvm is related to the maximum horizontal deformation yhm as follows,

yvm = a yhm

(1)

where a represent a model coefficient which can be approximated by a normal variable with a mean of 0.41 and
a standard deviation of 0.09. Then, the prediction of seismic deformations of anchored sheetpile walls is reduced
to the task of predicting the maximum seismic horizontal deformations of anchored sheetpile walls. According to
Gong et al. (2019), this maximum horizontal deformation dhm can be estimated as:
i =5
æ
ö
yhm = l ( Amax × TSE 2 ) × exp ç b0 + å bi ln X i ÷
è
i =1
ø

(2)

where Xi (i = 1, 2, 3, 4, and 5) are the dimensionless parameters of the sheetpile wall, the tie-rod, the anchor-pile,
the backfill and the foundation, respectively:

X1 =

g w × H s5
Es I s × Ds

, X2 =

g w × H s3
Ec Rc × Lc
2

, X3 =

g w × H s5
Ea I a × H a

, X4 =

1
1
, X5 =
( N1 )60b
( N1 ) 60 f

(3)

where gw represent the unit weight of water (N/m3), which is taken as 10.0 kN/m3. The terms of l and bi (i = 0, 1,
2, 3, 4, and 5) in Eq. (2) are the model coefficients, the statistical information of which is tabulated in Table 1.
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Table 1. Statistical information of model coefficients involved in the adopted solution model.
Model coefficient
Distribution
Mean
Std. Dev.

3

l

b0

b1

b2

b3

b4

b5

Lognormal
0.4600
0.1015

Normal
-1.4991
0.4086

Normal
0.1521
0.0516

Normal
0.0018
0.0013

Normal
0.0800
0.0522

Normal
0.1212
0.0372

Normal
2.0740
0.1513

Characterization of Input Parameters Uncertainties for Probabilistic Seismic Deformation Analysis

In this section, the characterization of the uncertain input parameters in this probabilistic seismic deformation
analysis, including the earthquake-induced ground motion parameters and soil properties, are discussed.
3.1 Earthquake-induced ground motion parameters (Amax, Mw)
The procedure outlined by Juang et al. (2008) is employed here to derive the joint probability mass functions of
the peak ground acceleration Amax and earthquake magnitude Mw, in terms of p(Amax, Mw), at a wharf site in a
specified exposure time. At a site of known latitude and longitude, the rock outcrop peak ground accelerations
(PGAs) for various levels of probability of exceedance can be obtained from the USGS website (USGS 2012). A
seismic hazard curve at this site could first be established using the discrete data points provided in the USGS
website, in terms of the annual rate of exceedance x versus the corresponding PGA. Plotted in Figure 2(a) is an
example of the seismic hazard curve at an example site (longitude = -122.30° and latitude = 47.53°) in Seattle.
Then, the seismic hazard curve for a specified exposure time T (e.g., 50 years), in terms of p(PGA>h) (where h is
a specified PGA level), at this site can be obtained. Based on the derived hazard curve for this specified exposure
time T, the probability density function of the rock outcrop PGA, denoted as p(PGA=h), could be derived. In this
study, this PGA can be assumed to follow a lognormal distribution.

(a) Seismic hazard curve

(b) Conditional probabilities of Mw at six hazard levels

Figure 2. Elements required for deriving the joint probability mass function p(Amax, Mw) at the example site in Seattle.

Next, the conditional probabilities of earthquake magnitude Mw at six commonly used hazard levels at this
example site in Seattle can be derived from the USGS website (USGS 2012), as shown in Figure 2(b). The data
in Figure 2(b) can then be interpolated or extrapolated to obtain Mw distribution for other hazard levels, in terms
of p(Mw|PGA>h). In that the seismic deformations of anchored sheetpile walls are related to the peak ground
surface acceleration Amax, not the rock outcrop PGA, the derived rock outcrop PGA needs to be converted into
Amax through a site amplification factor. In this paper, the site category of Quaternary alluvium (Qa) is taken and
the peak ground surface acceleration Amax is estimated from the rock outcrop PGA as (Stewart et al. 2013):

ln( Amax ) = ln(PGA) + [ aF + bF ln(PGA) + e ]

(4)

where aF and bF are the regression coefficients, aF = -0.15 and bF = -0.13; and, e is the model error, which can be
considered as a normal random variable with a mean of 0 and a standard deviation of 0.52. On the basis of the
derived probability density function of the rock outcrop PGA for a specified exposure time T (i.e., p(PGA=h)),
the conditional probabilities of earthquake magnitude Mw for a given earthquake hazard level (i.e., p(Mw|PGA>h))
and the conversion equation in Eq. (4), the joint probability mass functions p(Amax, Mw) at a wharf site in a given
time can readily be calculated with the procedure outlined in Juang et al. (2008). For example, Figure 3(a) shows
the derived joint probability mass functions p(Amax, Mw) at the example site (longitude = -122.30° and latitude =
47.53°) in Seattle in a exposure time of T = 50 years, and Figure 3(b) shows those derived at a site (longitude = 121.893°, latitude= 37.339°) in San Jose; in which, the incremental step of the peak ground surface acceleration
Amax is taken as 0.01g and that of the earthquake magnitude Mw is taken as 0.01.
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(g)

(b) San Jose site

Figure 3. The joint probability mass functions p(Amax, Mw) at two example sites in a exposure time of 50 years.

Note that although the seismic deformations of anchored sheetpile walls are related to the duration of strong
earthquake TSE, not the earthquake magnitude Mw, the duration of strong earthquake TSE might be approximated
from the earthquake magnitude Mw (Trifunac and Brady 1975).

TSE = 11.2 M w - 53 (M w >5.0)

(5)

3.2 Random variable simulation of the soil properties
In reference to the formulations in Gong et al. (2019), the soil properties involved in the prediction of the seismic
deformations of anchored sheetpile walls include the SPT blow count of the backfill (N1)60b and SPT blow count
of the foundation (N1)60f. It is acknowledged that a soil property at various locations (at a project site) is usually
correlated to some extent in both horizontal and vertical directions, and this spatial correlation generally
decreases with the relative distance. This feature of soil properties could best be simulated utilizing the random
field theory or conditional random field theory (Fenton 1999; Stuedlein et al. 2012; Gong et al. 2014,2018).
However, in the solution model adopted for predicting the seismic deformations of anchored sheetpile walls (see
Eqs. 1-4), the spatially averaged SPT blow count of the backfill (N1)60b and that of the foundation (N1)60f are
taken as the inputs, rather than those at different positions at the wharf site. Thus, the random variable theory is
utilized in this study and the input soil properties, in terms of spatially averaged SPT blow count of the backfill
(N1)60b and that of the foundation (N1)60f, are simulated as random variables. Indeed, the random field simulation
might be simplified into the random variable simulation according to the spatial averaging theory (Cho 2007;
Ching and Phoon 2013). A significant superiority of the random variable simulation over the random field
simulation could be its simplicity (or usability) and potentially higher robustness (Juang et al. 2018).
4

A Procedure for Deriving the Probability of Exceedance of Seismic Deformations

With the characterized uncertainty in the solution model and the input parameters, the seismic deformations (i.e.,
horizontal deformation and settlement) of anchored sheetpile walls are readily studied probabilistically. In that
the earthquake-induced ground motions are characterized as a series of discrete ground motion parameters (Amax,
Mw), the total probability theorem should be utilized; and, for each pair of ground motion parameters (Amax, Mw),
Monte Carlo simulation (MCS) could be conducted to sample the potential realizations of the model parameters
and soil properties. In short, the following procedure is advanced for deriving the probability of exceedance of
seismic deformations of anchored sheetpile walls:
Step 1: construct the potential discrete pairs of ground motion parameters (Amax, Mw) at the wharf site in the
exposure time T.
Step 2: calculate the joint probability mass function p(Amax, Mw) for each and every discrete pair of ground
motion parameters (Amax, Mw), with the procedure outlined in Juang et al. (2008).
Step 3: for a specified pair of ground motion parameters (Amax, Mw)i, generate 10,000 potential realizations
of the model parameters and soil properties with MCS and estimate the related seismic deformations of anchored
sheetpile walls. As a result, 10,000 sets of seismic deformations can be obtained.
Step 4: repeat Step 3 for all the potential discrete pairs of ground motion parameters (Amax, Mw).
Step 5: derive the probability of exceedance of seismic deformations at the wharf site as follows,
j =10000
i=N é
ù
PE ( y ) = å ê p ( Amax , M w )i × å Index (q j , y ) ú
i =1 ë
j =1
û

i=N
é
ù
ê10000 × å p ( Amax , M w )i ú
i =1
ë
û

(6)

where PE(y) is the probability of exceedance for a threshold deformation value of y; N is the total number of the
potential discrete pairs of ground motion parameters (Amax, Mw) obtained in Step 1; qj is the jth realization of the
model parameters and soil properties sampled with MCS; and, Index(qj, y) is a state index of qj, which is defined
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as follows: if the related seismic deformation is less than the threshold deformation value of y, Index(qj, y) = 0,
otherwise Index(qj, y) = 1.0.
5

Illustrative Example

To demonstrate the presented probabilistic analysis of the seismic deformations of anchored sheetpile walls, an
illustrative example, in terms of Port 5 in Gong et al. (2019), is revisited herein and this sheetpile wall system is
assumed to be located at two different sites, in terms of the Seattle site and San Jose site shown in Figure 3. The
deterministic parameters in this example are set up as: Hs = 7.1 m, Ds = 6.0 m, EsIs = 3.3600´107 N×m2/m, Lc =
15.0 m, EcRc2 = 1.5125´108 N/m, Ha = 6.5 m and EaIa = 4.5620´107 N×m2/m. The soil properties, in terms of the
SPT blow count of the backfill (N1)60b and SPT blow count of the foundation (N1)60f, are assumed to follow two
independent lognormal distributions: the mean mb and coefficient of variation (COV) db of (N1)60b are 15 and 0.3,
respectively; and, the mean mb and COV db of (N1)60f are 15 and 0.3, respectively. In order to study the influence
of the exposure time on the probability of exceedance of the seismic deformations, five different exposure
periods, in terms of T = 10, 20, 30, 40, and 50 years, are analyzed. The analysis results are presented in Figure 4.
Figure 4 illustrates that the probability of exceedance of the seismic deformations tends to decrease with the
threshold deformation (or limiting deformation), and the probability of exceedance of the seismic deformations
tends to increase with the anticipated exposure time. Meanwhile, the probability of exceedance of the seismic
deformations is greatly dependent on the location of the sheetpile wall system. For example, the probability of
exceedance of the seismic deformations derived at the Seattle site could be much larger than those derived at the
San Jose site. As such, the influence of the ground motion parameters on the probabilistic analysis of the seismic
deformations of anchored sheetpile walls could be revealed.

(a) Maximum horizontal deformation

(b) Maximum settlement

Figure 4. Influence of the exposure time on the derived probability of exceedance of the seismic deformations.

(a) Maximum horizontal deformation

(b) Maximum settlement

Figure 5. Influence of the COV of soil properties on the derived probability of exceedance of the seismic deformations.

In a typical geotechnical practice, site-specific data is oftentimes limited due to budget constraints; as such,
it could be difficult to derive the statistical information of the intended soil properties with certainty. Among the
statistical parameters of a soil property, the COV is rather difficult to determine accurately (Gong et al. 2014). A
parametric study is conducted herein to investigate how the probabilistic analysis of the seismic deformations of
anchored sheetpile walls could be influenced by the COV of the soil properties. For ease of illustration, the COV
of (N1)60b and that of (N1)60f are both denoted as d. In this parametric study, five different levels of COV values
are studied and the study results are depicted in Figure 5. In that the variation of the deformation increases with
the COV of the soil properties while the mean of the deformation is almost unchanged, the influence of the COV
values on the probability of exceedance of the seismic deformations is dependent upon the threshold deformation
value. For example, when the threshold deformation value is large, the probability of exceedance of the seismic
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deformations could increase with the COV values of the soil properties; otherwise, the probability of exceedance
of the seismic deformations could decrease with the COV values of the soil properties.
6

Concluding Remarks

This paper presented a probabilistic analysis of the seismic deformation of anchored sheetpile walls, in which the
following three sources of uncertainties were included: solution models, earthquake-induced ground motions and
soil properties. The uncertainty in the solution model was characterized by the probabilistic distributions of the
coefficients in the models. The uncertainty in the earthquake-induced ground motions were characterized by the
joint probability mass functions of the peak ground surface acceleration Amax and earthquake magnitude Mw,
which were derived from the data provided in the USGS website. The uncertainty in the soil properties was then
characterized with the random variable theory. Through an illustrative example, the potential application of this
probabilistic seismic deformation analysis of anchored sheetpile walls was depicted. Further, parametric analysis
was conducted to investigate how the probabilistic analysis results could be influenced by the input factors such
as the earthquake-induced ground motions and the variability of the soil properties.
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