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Abstract: Seismic slope displacements are estimated for earth structures or natural slopes subjected to interface earthquakes in subduction
zones. The fully coupled, nonlinear seismic slope displacement model captures the important influence of the system’s yield coefficient ky , its
initial fundamental period T s , and the ground motion’s spectral acceleration at a degraded period of the slope taken as 1.5T s . The model
separates the probability of zero displacement (i.e., <0.5 cm) from the distribution of nonzero displacement, so that low values of calculated
seismic displacement do not bias the results. The input ground motion is the primary source of uncertainty in assessing seismic performance
of an earth slope or system. Thus, a comprehensive database containing 810 two-component ground motion recordings from subduction zone
interface earthquakes was developed and used to compute seismic slope displacements. The resulting model provides seismic displacement
estimates similar to those from the previous model that was developed using shallow crustal earthquakes along active plate margins, but there
are a few important differences. The subduction zone earthquake-induced slope displacement model can be implemented rigorously within a
fully probabilistic framework or used deterministically to evaluate seismic displacement potential. DOI: 10.1061/(ASCE)GT.19435606.0001833. © 2017 American Society of Civil Engineers.

Introduction

through examination of several case histories of earth dam performance, recommendations are made for use of the procedure.

Engineers often use simplified seismic slope displacement procedures that use a Newmark-type sliding block model to evaluate
the seismic performance of earth structures and natural slopes
(e.g., Makdisi and Seed 1978; Bray and Travasarou 2007;
Rathje and Antonakos 2011). Dynamic nonlinear effective stress
analyses using finite-element or finite-difference methods with
robust soil constitutive models may be employed for critical earth
systems or when liquefaction may occur. Even in cases when
these analytical procedures are employed, Newmark sliding block
analyses form the basis for a preliminary estimate of the expected
seismic displacement of the earth system. Pseudostatic slope
stability procedures, wherein a horizontal seismic coefficient is applied to a potential sliding mass in a conventional slope limit equilibrium analysis, are also often used in preliminary design.
This paper describes a simplified semiempirical procedure that
can be used to estimate the seismic displacement of earth systems
that undergo shear deformation during a subduction zone interface
earthquake. The procedure is developed to work within a fully
probabilistic seismic hazard assessment, but it can be used also as
a straightforward predictive relationship. Pertinent previous studies
are summarized, the subduction zone earthquake ground motion
database is presented, and the seismic slope displacement model
is described. The proposed seismic slope displacement model for
subduction zone earthquakes is presented, and following validation
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Previous Studies
Several seismic sliding block displacement procedures are available
in the literature. Several of these procedures are formulated only for
the case of rigid sliding blocks wherein the dynamic response of the
potential sliding mass is neglected (e.g., Newmark 1965; Lin and
Whitman 1986; Jibson 2007; Rathje and Saygili 2008). The rigid
sliding block model should not be used except if the potential sliding mass is shallow and stiff so that its fundamental period is nearly
zero, or as a screening tool in regional assessments when there is
insufficient information to characterize the earth slope. In all other
cases, the dynamic response of a nonrigid sliding mass should be
considered because the dynamic response of the sliding mass has
been shown to be an important factor (e.g., Makdisi and Seed 1978;
Rathje and Bray 1999, 2000).
Many of the seismic slope displacement methods that capture
the flexibility of the sliding mass during earthquake shaking employ the decoupled approximation (e.g., Makdisi and Seed 1978;
Lin and Whitman 1983; Bray and Rathje 1998; Rathje and
Antonakos 2011). The seismic site response of the system is first
calculated assuming no sliding occurs; then its results are used to
calculate the amount of sliding displacement that occurs. Due to the
inherent limitations of the decoupled approximation, fully coupled
stick-slip sliding block analyses are preferred (Rathje and Bray
1999, 2000). The Bray and Travasarou (2007) model captures
the simultaneous occurrence of the nonlinear dynamic response
of the potential sliding mass and the effects of periodic sliding
episodes.
Few simplified seismic slope displacement procedures are based
on the results of two-dimensional (2D) or three-dimensional (3D)
dynamic analyses. The largest source of uncertainty is due typically
to the input earthquake ground motion. Hence, a simpler onedimensional (1D) model is commonly used with many earthquake
ground motions to calculate results that enable development of a
simplified seismic slope stability procedure. This assumption is
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reasonably conservative for most cases; the exception is for shallow
sliding adversely affected by topographic amplification (Rathje and
Bray 2001).
Most seismic slope displacement procedures have been formulated only for shallow crustal earthquakes along active plate margins. These semiempirical procedures should not be used in a
different seismotectonic setting (e.g., subduction zone earthquakes)
without evaluating their applicability to a setting for which they
were not developed originally. There are few procedures developed
explicitly for subduction zone earthquakes. Urzua and Christian
(2013) proposed a relation to estimate seismic displacements, but
this method is only applicable for rigid slopes and based on ground
motion recordings from only three Chilean earthquakes. There is a
lack of robust simplified seismic slope displacement procedures
that can be used to evaluate earth systems and slopes in subduction
earthquake zones. A comprehensive earthquake database of subduction interface earthquakes is first required. The records in this
new database are used to formulate a model that captures seismic
slope displacements of earth systems undergoing subduction zone
interface earthquakes.

Database for Subduction Zone Interface
Earthquakes
The uncertainty in the ground motion characterization is the dominant source of uncertainty in calculating seismic slope displacements (Bray and Travasarou 2007). Therefore, procedures based
on a large number of actual earthquake ground motion recordings
are superior to procedures based on artificial simulated ground motions or those based on a modest number of recorded earthquake
ground motions.
A comprehensive database containing 1,122 ground motion
records (with each record having two horizontal components) from
subduction zone interplate earthquakes was developed. Approximately 235 processed records were obtained from R. Darragh and
PEER (personal communication), and the Central American database was obtained from J. Bommer. The remaining records were
obtained from seismic agencies’ websites and processed in a uniform manner following the recommendations of Ancheta et al.
(2013). The ground motion records from the developed database
conform to the following criteria: (1) 5.8 ≤ moment magnitude
ðMÞ ≤ 9.0; (2) epicentral distance (R) ≤450 km; (3) ICC (2012)
site class A, B, C, or D (the site class was assigned based on local
soil conditions or geological maps as shear wave velocity measurements were not often available); and (4) frequencies in the range of
0.20–10 Hz have not been filtered out. Fig. 1 shows the distribution
of magnitudes and distances of the subduction zone interface
earthquake ground motion database. Distance is not used to formulate the predictive equations, so epicentral distance is provided as
a qualitative indicator of source-to-site distance, which was not always available. Table 1 lists the earthquakes in the database by region. Much of the data is from Japan; however, there is negligible
bias in the model residuals of only the non-Japanese data.
Only the ground motion records from earthquakes with moment
magnitude of at least 7.0 are used to generate the seismic displacements data because large magnitude interface earthquakes typically
govern the seismic hazard and to avoid bias from the underrepresented number of lower magnitude earthquakes in the database.
Removal of low magnitude earthquakes resulted in 810 twocomponent ground motion recordings. Each horizontal component
of a recording was applied to the base of the sliding block model
described subsequently to calculate a seismic displacement. The
seismic displacement values calculated from the two horizontal
© ASCE

Fig. 1. Distribution of magnitudes and epicentral distances for the
compiled subduction earthquake database

Table 1. List of Earthquakes and Number of Records Used in Study
Earthquake

Date

Region

Mw

Number of records

Tohoku
Hokkaido
Kushiro-Oki
Ofunato
Chile85
Maule
Iquique
Tocopilla
Hualqui
Tarapaca
Guerrero
Michoacan
Lima74
Lima66
Moquegua
Pisco
CA1
CA2
CA3
CA4
CA5
CA6
CA7
CA8
CA9
CA10
CA11

3/11/2011
9/26/2003
11/29/2004
5/12/2005
3/3/1985
2/27/2010
4/1/2014
11/14/2007
02/04/2008
11/13/2009
09/14/1995
09/19/1985
10/03/1974
10/17/1966
06/23/2001
8/15/2007
10/27/1979
7/2/1982
3/25/1990
4/28/1990
03/16/1991
8/28/1996
9/4/1996
1/21/2003
10/9/2004
11/20/2004
3/3/1996

Japan
Japan
Japan
Japan
Chile
Chile
Chile
Chile
Chile
Chile
Mexico
Mexico
Peru
Peru
Peru
Peru
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA

9.0
8.1
7.1
6.8
8.0
8.8
8.2
7.7
6.2
6.4
7.4
8.0
8.1
8.1
8.4
7.9
6.9
5.9
7.3
6.3
6.3
5.9
6.2
6.4
6.9
6.3
6.6

346
660
330
518
52
42
46
28
8
8
32
24
4
2
14
26
4
2
20
4
2
8
10
24
14
14
2

Note: CA = Central America.

components were averaged. The opposite polarity of the components were then applied to compute an average seismic displacement for the other side of the recording. The maximum of the
average seismic displacement values for each polarity was assigned
to that recording.

Evaluation of Seismic Displacements
Nonlinear, Coupled Sliding Block Model
The nonlinear, coupled deformable stick-slip sliding model proposed by Rathje and Bray (1999) is used. In this study, however,
the equation of motion is solved by a step-by-step analytical solution of the governing equations as recommended by Chopra and
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Zhang (1991) because it is numerically more stable than the Newmark integration method used by Rathje and Bray (1999). The
seismic response of the sliding mass is captured by an equivalentlinear viscoelastic modal analysis that uses strain-dependent
material properties to approximate the nonlinear response of the
earth materials. Comparisons of this model with a rigid block
stick-slip model, an uncoupled deformable model, a fully nonlinear
deformable stick-slip model, and a deformable stick-slip model
with more than one mode shape model are described in Rathje
and Bray (1999, 2000). The model is validated using shaking table
experiments by Wartman et al. (2003). The 1D nonlinear, coupled
deformable stick-slip model represents a relatively wide vertical
column of soil to allow for the use of a large number of ground
motions with a wide range of properties of the potential sliding
mass. The 1D analysis can underestimate the seismic demand
for shallow sliding at the top of 2D systems where topographic amplification is significant. For this case, the input peak ground acceleration (PGA) can be amplified by 1.3 for moderately steep slopes
(Rathje and Bray 2001) and by 1.5 for steep (>60°) slopes (Ashford
and Sitar 2002).
The nonlinear, coupled deformable stick-slip sliding block
model captures that part of the seismically induced permanent
displacement attributed to shear deformation (i.e., either rigid body
slippage along a distinct failure surface or distributed shearing
within the deformable sliding mass). Ground movement due to
volumetric compression is not captured explicitly by the Newmarktype sliding block model. Accordingly, shear and volumetric compression effects are evaluated separately. The results of the sliding
block model analyses estimate shear-induced displacements. Another
method that captures the seismic compression of soils should be used
to estimate volumetric-induced displacements (e.g., Tokimatsu and
Seed 1987). The estimated shear-induced ground displacement
and volumetric-induced ground displacement are summed to estimate
the total seismically induced ground displacement.
The sliding mass is assigned a constant unit weight of
19 kN=m3 . The strain-dependent shear modulus reduction and
material damping ratio curves proposed by Darendeli (2001) for
a confining stress of 101 kPa and PI ¼ 15 are used. Sensitivity
analyses indicate that reasonable adjustments of these parameters
do not affect significantly the computed displacement. The nonlinear, coupled deformable stick-slip sliding model is characterized by
its yield coefficient (ky ) and its initial fundamental period (T s ).
These parameters are varied over reasonable ranges (i.e., ky ¼
0.01, 0.02, 0.035, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5,
and 0.8; and T s ¼ 0.0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.4, and
2.0 s). For the baseline case, the overburden-stress corrected shear
wave velocity (V s1 ) is set to 270 m=s, and the shear wave velocity
profile of the sliding block is developed using the relationship that
shear wave velocity (V s ) is proportional to the fourth root of the vertical effective stress. The sliding block height (H) is increased until
the specified value of T s is obtained. Other reasonable combinations
of H and average V s1 for the same T s value were used to confirm that
the results were not sensitive to these parameters individually. For
nonzero T s values, H is varied between 3 and 100 m, and V s1 is varied
between 200 and 450 m=s. The model sliding blocks are classified as
IBC Sites C or D. Thus, realistic values of the initial fundamental
period and yield coefficient for a wide range of earth/rockfill dam,
natural slope, heap leach pads, and solid-waste landfill are used. More
than 490,000 sliding block analyses were performed in this study.
Distribution of Seismic Displacement
The calculated seismic displacement values are the simulated
data used to develop the regression equations for estimating
© ASCE

shear-induced seismic slope displacement (D). The seismic displacements calculated for cases wherein D exceeds 0.5 cm are
shown in Fig. 2. The variation of the calculated seismic displacements is plotted against the slope yield coefficient (ky ), the ground
motion’s spectral acceleration at 1.5 times the slope’s initial fundamental period ½Sa ð1.5T s Þ, the slope’s initial fundamental period
(T s ), and earthquake moment magnitude (M). The scatter in these
graphs is significant. However, there are trends in the data. Seismic
displacement generally decreases with increasing yield coefficient.
Seismic displacement generally increases with increasing seismic
demand as defined by the input ground motion’s Sa ð1.5T s Þ value
and with increasing earthquake magnitude. There is a modest sensitivity of seismic displacement to the slope’s fundamental period.

Model for Estimating Seismic Shear-Induced Slope
Displacements
Functional Form
Seismic slope displacement is modeled as a mixed random variable,
which has a certain probability mass at zero displacement and a
probability density for finite-displacement values (Bray and
Travasarou 2007). The probability density function of seismic displacements is
f D ðdÞ ¼ P̄δðd − d0 Þ þ ð1 − P̄Þf̄D ðdÞ

ð1Þ

where fD ðdÞ = displacement probability density function; P̄ =
probability mass at D ¼ d0 ; δðd − d0 Þ = Dirac delta function; and
f̄D ðdÞ = displacement probability density function for D > d0 . A
mixed probability distribution has a finite probability at D ¼ d0
and a continuous probability density for D > d0.
Small displacement values are not of engineering significance
and can for all practical purposes be considered as negligible or
zero. Moreover, the regression of seismic displacement as a function of the model parameters should not be dictated by data at negligible levels of seismic displacement, which are not of practical
significance. Although calculated values of seismic displacement
of 0.01 and 0.1 cm differ by an order of magnitude, they are both
negligible in practical terms. A similar approach was employed by
Song and Rodriguez-Marek (2014) in developing a seismic slope
displacement model for near-fault ground motions. The negligible
seismic displacement data are still considered in the mixed random
variable approach; they are not discarded. Instead, they are lumped
together, and the meaningful values of seismic displacement govern
the regression.
The selection of the zero displacement threshold (d0 ) depends
on the problem being investigated. Bray and Travasarou (2007) and
Song and Rodriguez-Marek (2014) used d0 ¼ 1.0 cm, which is appropriate for evaluating seismic slope displacements in most cases
(e.g., earth dams and solid-waste landfills), where displacements
less than 10 cm are generally acceptable, which is an order of magnitude greater than d0 . Recently, the Bray and Travasarou (2007)
procedure has been used to evaluate the seismic performance of
earth retention systems where the threshold of tolerable displacements may be as low as 5 cm or even 2.5 cm. Accordingly, the
zero displacement threshold was reset to be 0.50 cm in the proposed model. Values of seismic displacements that are smaller than
0.50 cm are lumped together at d0 ¼ 0.50 cm.
The probability of zero displacement depends primarily on the
three independent variables: ky , Sa ð1.5T s Þ, and T s , which represent
the slope’s strength, shaking intensity, and stiffness. As shown by
the data subset in Fig. 3(a), the probability of zero displacement
increases significantly as the yield coefficient increases and
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Fig. 2. Distribution of simulated displacement data for D > 0.5 cm with (a) yield coefficient; (b) 5%-damped spectral acceleration at 1.5 times the
initial fundamental period; (c) initial fundamental period of sliding mass; (d) moment magnitude

Fig. 3. Comparison of predicted probability of zero displacement (i.e., D ≤ 0.5 cm) for the model developed in this study (BMT17) versus the
simulated displacement data from subduction zone events considered in this study and the Bray and Travasarou (2007) (BT07) model, which
was developed using shallow crustal earthquakes along active plate margins records. Comparisons shown for (a) yield coefficient; (b) 5%-damped
spectral acceleration at 1.5 times the initial fundamental period; (c) initial fundamental period of sliding mass

decreases significantly as the ground motion’s spectral acceleration
at the degraded period increases [Fig. 3(b)]. The probability of
zero displacement decreases initially as the fundamental period
increases from zero because the sliding mass is approaching a
resonance condition, and it increases as sliding mass moves away
from the resonance condition [Fig. 3(c)]. Similar trends in the calculated seismic displacement data were obtained by Bray and
Travasarou (2007) for shallow crustal earthquakes along active
plate margins. The data trends displayed in Fig. 3 guided the selection of the functional form for the predictive equation for the
probability of zero displacement. As opposed to the one-equation
model used by Bray and Travasarou (2007), two equations were
used, with the first equation capturing better the trends of the
© ASCE

data for most practical cases with T s ≤ 0.7 s and the second
equation fitting the data for cases with T s > 0.7 s. A probit regression analysis (Greene 2003) was employed to calculate the
coefficients of the predictive equation for the probability of zero
displacement.
In this mixed random variable formulation, the amount of nonzero displacement also needs to be estimated. Analysis of the data
indicated that the parameters employed by Bray and Travasarou
(2007) of ky , Sa ð1.5T s Þ, T s , and M (to represent duration) also capture the major trends in the predictive equation of the nonzero displacement. A truncated regression (Greene 2003) along with the
principle of maximum likelihood was employed to calculate the
coefficients of the predictive equation for nonzero displacement.
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Simplified Procedure for Estimating Seismic Slope
Displacements
The shear-induced seismic slope displacement (D) is estimated in two
steps: (1) the probability of zero displacements (i.e., D ≤ 0.50 cm),
and (2) the likely amount of nonzero displacement is calculated and
combined through the mixed random variable formulation. The
model for computing the probability of zero seismic slope displacement is
PðD ¼ 0Þ ¼ 1 − Φð−2.64 − 3.20Lnðky Þ − 0.17ðLnðky ÞÞ2
− 0.49T s Lnðky Þ þ 2.09T s þ 2.91LnðSa ð1.5T s ÞÞÞ
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for cases where T s ≤ 0.7 s

ð2Þ

PðD ¼ 0Þ ¼ 1 − Φð−3.53 − 4.78Lnðky Þ − 0.34ðLnðky ÞÞ2
− 0.30T s Lnðky Þ − 0.67T s þ 2.66LnðSa ð1.5T s ÞÞÞ
for cases where T s > 0.7s

ð3Þ

where PðD ¼ 0Þ = probability of occurrence of zero seismic slope
displacement (as a decimal number); D = seismic slope displacement; Φ = standard normal cumulative distribution function; ky =
yield coefficient; T s = fundamental period of the sliding mass
in seconds; and Sa ð1.5T s Þ = spectral acceleration at a period of
1.5T s in the units of g of design outcropping ground motion for
the site conditions below the potential sliding mass (i.e., the ground
motion intensity at the site if the potential sliding mass was
removed). Some comparisons of the model estimates versus the simulated data and the Bray and Travasarou (2007) model are shown
in Fig. 3. As noted previously, the model separates the calculation
of probability of zero displacements for typical systems with T s ≤
0.7 s from those with high periods (i.e., T s > 0.7 s) to track better
the variation of the probability of zero displacement with the
fundamental period of the sliding mass.
The amount of the nonzero seismic slope displacement (D) in
centimeters is estimated as
LnðDÞ ¼ a1 − 3.353Lnðky Þ − 0.390ðLnðky ÞÞ2
þ 0.538Lnðky ÞLnðSa ð1.5T s ÞÞ
þ 3.060LnðSa ð1.5T s ÞÞ − 0.225ðLnðSa ð1.5T s ÞÞÞ2
þ a2T s þ a3ðT s Þ2 þ 0.550M  ε

ð4Þ

where ky , T s , and Sa ð1.5T s Þ are as defined previously; M =
moment magnitude; and ε = normally distributed random variable
with zero mean and standard deviation σ ¼ 0.73. In Eq. (4), for
systems with T s ≥ 0.10 s, a1 ¼ −6.896, a2 ¼ 3.081, and a3 ¼
−0.803, and for T s < 0.10 s, a1 ¼ −5.864, a2 ¼ −9.421, and
a3 ¼ 0.0, there is only a slight change in the calculated seismic
displacement across the value of T s ¼ 0.10 s. For the special case
of the Newmark rigid-sliding block where T s ¼ 0.0 s, the amount
of nonzero seismic slope displacement (D in cm) is estimated as

þ 0.538Lnðky ÞLnðPGAÞ þ 3.060LnðPGAÞ
− 0.225ðLnðPGAÞÞ2 þ 0.550M  ε

PðD > dÞ ¼ ½1 − PðD ¼ 0ÞPðD > djD > 0Þ

ð6Þ

where PðD ¼ 0Þ is computed using Eq. (2) or (3). The term PðD >
djD > 0Þ is computed assuming that the estimated displacements
are lognormally distributed as
PðD > djD > 0Þ ¼ 1 − PðD ≤ djD > 0Þ

^ 
LnðdÞ − LnðdÞ
¼1−Φ
σ

ð7Þ

^ is calculated using Eq. (4) or (5); and σ = standard
where LnðdÞ
deviation of the random error equal to 0.73.
The trends for the proposed model are shown in Fig. 5. The
upper three plots [Figs. 5(a–c)] show trends for a M ¼ 9.0 subduction zone interface earthquake at a source-to-site distance of 35 km
(this distance is representative for some sites along the South
American coast and in New Zealand). The probability of negligible
seismic displacements and the estimation of the seismic displacement depend significantly on yield coefficient. For this earthquake
scenario, the influence of the initial fundamental period is more
significant for systems with high yield coefficients. Figs. 5(d–e)
are for a M ¼ 9.0 interface earthquake at several distances from
the site so that the ground motion intensity parameters PGA and
Sa ð1.5T s Þ vary significantly for the case of a rigid sliding block
or a deformable sliding block with an initial fundamental period
of 0.3 s. The effect of earthquake magnitude at a specified ground
motion intensity [i.e., Sa ð0.45sÞ ¼ 0.8g] is shown Fig. 5(f). The
comparison of the calculated seismic slope displacement as a function of yield coefficient is only capturing part of the important effects of earthquake magnitude because the ground motion intensity
level was kept constant. The estimated value of spectral acceleration typically increases with increasing earthquake magnitude,
which would increase further the seismic displacement.
Model Validation

LnðDÞ ¼ −5.864 − 3.353Lnðky Þ − 0.390ðLnðky ÞÞ2
ð5Þ

where PGA = peak ground acceleration in the units of g of the input
base ground motion. If there are important topographic effects to
capture for localized shallow sliding, the input PGA value should
be adjusted as discussed previously (i.e., 1.3PGA1D for moderately
steep slopes, or 1.5PGA1D for steep slopes). For long, shallow
potential sliding masses, lateral incoherence of ground shaking
© ASCE

would reduce the input PGA value employed in the analysis
(e.g., 0.65PGA1D for moderately steep slopes, Rathje and Bray 2001).
The residuals [i.e., LnðDdata Þ − LnðDPredicted Þ] of Eqs. (4) and
(5) are plotted in Fig. 4 in terms of the yield coefficient, spectral
acceleration at 1.5T s , earthquake magnitude, fundamental period,
peak ground velocity (PGV), and significant duration (D5-95 ).
The residuals shown in Fig. 4 are significant, but this is due to
the inherent variability of estimating seismic slope displacement.
The residuals versus the key parameters of ky , Sa ð1.5T s Þ, M,
T s , PGV, and D5-95 show negligible bias. The residuals versus
other parameters (e.g., V s30 ) also show negligible bias.
The proposed predictive equations can also be used to calculate
the probability of the seismic displacement exceeding a selected
threshold of displacement (d) for a specified earthquake scenario
[i.e., Sa ð1.5T s Þ and M] and earth slope properties (i.e., ky , T s ).
The probability of the seismic slope displacement (D) exceeding
a specified displacement threshold (d) is calculated as

The proposed model’s estimates of seismic displacement are compared with observed displacements measured at nine earth dams
(one dam underwent three events) and a coastline slope beneath
a pipeline that were shaken by subduction zone interface earthquakes. The observations from these 12 case histories were used
to validate the model and were not included in the data set for
the development of the predictive equations. The case histories
used in the model validation are described in Table 2. In all cases,
the maximum observed displacement (Dmax ) is that portion of the
permanent displacement attributed to shear-induced seismic slope
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Fig. 4. Residuals ½LnðDdata Þ − LnðDPredicted Þ of Eqs. (4) and (5) plotted versus: (a) yield coefficient; (b) 5%-damped spectral acceleration at
1.5 times the initial fundamental period; (c) moment magnitude; (d) initial fundamental period of sliding mass; (e) peak ground velocity; (f) significant
duration

displacement (i.e., stick-slip type movement and distributed shear
within the deformable mass), and crest movement due to volumetric compression was subtracted from the total observed permanent
displacement when appropriate to be consistent with the mechanism implied by the Newmark method. The observed seismic
performance and best estimates of yield coefficient and initial fundamental period are based on the information provided in the references listed in the footnote of Table 2. Additional information on
these case histories may be found in Macedo (2017).
The comparison of the proposed model estimates of seismic
displacement (Columns 8 and 9) with the maximum observed
© ASCE

seismic permanent displacement (Column 3) is shown in Table 2.
For this comparison, only mean or median values of the slope’s
yield coefficient, initial fundamental period, and the spectral acceleration at 1.5 times the initial fundamental period are considered.
The computed seismic displacement range shown in Column 9 is
for values that the probability of exceeding is 84 and 16%, which is
computed using Eq. (6) by solving d for PðD > dÞ ¼ 0.84 and
0.16, respectively. The displacement range is due to the variability
in the seismic displacement given the values of the slope properties
and the seismic load [i.e., σ ¼ 0.73 from Eq. (4)]. Overall, the
proposed model provides reasonable estimates of the observed
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Fig. 5. Model trends; upper plots are for a M 9.0 interface earthquake at a distance of 35 km and show the dependence of (a) the probability of zero
seismic displacement with respect to the initial fundamental period of the sliding mass; (b) seismic displacement with respect to the initial fundamental period of the sliding mass; (c) seismic displacement with respect to yield coefficient; lower plots show: (d) seismic displacement with respect
to yield coefficient for several PGA values for a M 9.0 event; (e) seismic displacement with respect to yield coefficient for several Sa ð1.5T s Þ values for
a M 9.0 event; (f) effects of earthquake magnitude at a specified level of ground motion intensity

Table 2. Comparison of the Estimated Seismic Slope Displacement with the Observed Displacement
System
Coastline Sloped
Dam in the Andese
La Villita damf
La Villita damf
La Villita damf
Torata damg
Esperanza damh
Tutuven dami
Nishigo damj
Shitoki damj
Surikamigawa damj
Coihueco Dami

Earthquakea

Observed Dmax (cm)b

ky

T s (s)

Site class

Sa ð1.5T s Þ (g)

Proposed
PðD ¼ “0”Þ

Method estimated
displacement (cm)c

PP
PP
S3
S4
S5
PM
EM
EM
JT
JT
JT
CM

6.0
None
1.0
1.4
4.0
5.0
None
None
40
None
None
∼350

0.10
0.27
0.20
0.20
0.20
0.13
0.24
0.39
0.26
0.29
0.30
0.10

0.6
0.45
0.60
0.60
0.60
0.65
0.40
0.15
0.15
0.40
0.68
0.25

Rock
Alluvium
Alluvium
Alluvium
Alluvium
Rock
Alluvium
Alluvium
Alluvium
Rock
Alluvium
Alluvium

0.25
0.14
0.20
0.33
0.41
0.24
0.43
0.75
1.51
0.40
0.22
1.35

0.00
1.00
0.80
0.30
0.10
0.10
0.50
0.60
0.00
0.70
0.90
0.00

3–12
<1
<1
0–2
1–7
1–7
0–2
0–2
14–58
0–1.5
<1
60–260

a
PP ¼ 2007 Peru=Pisco; PM ¼ 2001 Peru=Moquegua; EM ¼ 2016 Ecuador=Muisne; CM ¼ 2010 Chile=Maule; JT ¼ Japan=Tohoku; S3, S4, and S5 from
Elgamal et al. (1990).
b
Dmax = observed maximum displacement due to shear deformation. “None” listed if D is negligible.
c
PðD ¼ 0Þ from Eqs. (2) and (3); zero displacement refers to negligible displacement (i.e., D < 0.5 cm); estimated displacement range is 16–84% from
Eqs. (2)–(7).
d
Sancio et al. (2015) and Rodriguez-Marek et al. (2007).
e
Rodriguez-Marek et al. (2007) and Macedo (2009).
f
Elgamal et al. (1990).
g
Rodriguez-Marek et al. (2001) and CISMID (personal communication).
h
Pestana et al. (1996) and Nikolaou et al. (2016).
i
Verdugo et al. (2012) and Bray and Frost (2010).
j
Matsumoto (2010), EERI (2011), Yamaguchi et al. (2011), Yamaguchi et al. (2012), Bray (2013), Mr. Matsumoto (personal communication), and Mr. Satou of
National Institute for Land and Infrastructure Management (NILIM) (personal communication).
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seismic performances of the 12 earth system case histories examined in this study.
There are five case histories in which the observed seismic slope
displacement was noted as being None. The proposed method
estimates high probabilities of zero displacement (i.e., 100%
that D ≤ 0.5 cm) for the dam in the Andes, Shitoki dam, and
Surikamigawa dam. There is a 50% probability of zero displacement and a seismic displacement range of 0–2 cm for Esperanza
dam, which is consistent with the negligible displacement observed
at this earth dam after the 2016 Muisne, Ecuador, earthquake.
Lastly, there is a 65% probability of zero displacement and a seismic displacement range of 0–2 cm for Tutuven dam, which is also
consistent with the negligible displacement observed at this dam
after the 2010 Maule, Chile, earthquake. Thus, the proposed method’s assessment of seismic performance is consistent with the good
seismic performance observed of these earth structures.
There are two case histories with observed seismic displacements of a few centimeters (i.e., 5 cm for Torata dam and 6 cm
for the coastline slope in Peru). The proposed model is able to
capture the observed seismic displacements for these cases. The
estimated seismic displacement range is 1–7 cm for the Torata
dam and 3–12 cm for the coastline slope. Good seismic performance was also observed for the La Villita Dam in Mexico
(Elgamal et al. 1990). Its performance during three earthquake
events is well-documented with increasing levels of the observed
seismic displacements from Events S3–S5. The proposed model
develops estimates of seismic displacement with the same trends.
There is a high probability of zero displacements (80%) for Event
S3 where the maximum observed displacement was 1 cm, which
is considered a negligible level of displacement for an earth dam.
There is a relatively low probability of zero displacement (10%)
with a range of estimated seismic displacement from 1–7 cm,
which encompasses the observed value of 4 cm for Event S5.
The proposed model’s estimates are intermediate for Event S4,
which is consistent with the observed seismic performance of the
dam for this event. Thus, the proposed method provides seismic
displacement estimates that are consistent with the trends of the
observed seismic performance of La Villita Dam for these earthquake events.
There is one case of moderate seismic displacement, which
corresponds to the Nishigo dam shaken by the 2011 Tohoku Earthquake. Nishigo dam underwent approximately 40 cm of seismic
displacement due to shear-induced deformation in this event.
The proposed method estimates essentially no chance of zero displacement occurring for this case and a range of expected seismic
slope displacement (i.e., 14–58 cm) that includes the observed
shear-induced seismic slope displacement of 40 cm.
A section of the upstream shell of Coihueco dam displaced a
large amount (i.e., Dmax ≈ 350 cm) during the 2010 Maule,
Chile, earthquake (Verdugo et al. 2012). The proposed method
estimates that there is a negligible chance of zero displacement
occurring. The calculated shear-induced seismic slope displacement range is from 60 to 260 cm, which is indicative of large
displacements likely occurring. The observed seismic slope
displacement value is above the 84% seismic displacement
estimate, but it is within 1.5 standard deviations of the median
estimate of seismic slope displacement. Importantly, the proposed method is capable of predicting the unsatisfactory seismic
performance of an earth dam, as it is unlikely that an engineer
would accept the design of a dam that could undergo over 3 m of
total seismic displacement (with up to 2.6 m of shear-induced
displacement) for a reasonable earthquake scenario in this area
of Chile.
© ASCE

Comparison of the Subduction Zone Earthquake
Model with the Shallow Crustal Earthquake Model
One of the motivations of this study was the recognition that engineers were using the Bray and Travasarou (2007) model (herein
referred to as BT07) for subduction zone earthquakes because robust statistical models based on subduction zone earthquake ground
motion data were not available. The proposed model, which has
been developed for subduction zone interface earthquakes, is compared to the seismic slope displacement estimates from the BT07
procedure, which was developed using only shallow crustal earthquake records, to discern potential differences and to investigate if
they can be explained by differences in the seismotectonic settings.
Fig. 6 shows the residuals obtained by applying the BT07
model, which is based on shallow crustal earthquake records, to the
seismic slope displacement data calculated using subduction zone
interface earthquake motions as input. The BT07 residuals of the
subduction zone earthquake-induced displacement data when plotted against yield coefficient are more negative compared to the residuals using the equations derived in this study for subduction
zone earthquakes [i.e., BMT17: Eqs. (4) and (5) of this paper]. This
observation implies that the BT07 procedure overestimates seismic
slope displacements when used for subduction zone earthquakes (i.
e., negative residual indicates that the median predicted seismic displacement is greater than the median of the seismic displacement
data). However, the residuals do not show significant bias for lower
(more common) values of ky . There is significant bias only for
higher values of yield coefficient. This is likely due in part to
the wider range of ky values employed in the present study (i.e., values up to 0.8) relative to the range used in the BT07 study (i.e., ky
values up to only 0.4). A conservative extrapolation of the BT07
predictive equations to higher ky values is likely the primary cause
of the bias and not a seismological difference between subduction
zone and shallow crustal earthquakes.
The residuals of the BT07 model versus the simulated subduction zone earthquake seismic displacement data are slightly more
negative compared with the residuals of the BMT17 model derived
in this study for periods less than 0.5 s. For higher periods, the
residuals of the BT07 predictive equations do not differ significantly from those of the proposed BMT17 predictive equations.
Thus, there is no significant effect of the slope fundamental period
due to the different ground motion databases.
The BT07 predictive equations are biased in terms of the residuals of seismic slope displacement as a function of earthquake magnitude. The residuals using the BT07 equations are more negative
than the residuals derived in this study at intermediate and lower
magnitudes. The BT07 residuals become less negative as magnitude increases and tend to zero for M ¼ 9 earthquakes. The magnitude scaling term for the BT07 and BMT17 methods are 0.278
and 0.550, respectively. The higher magnitude scaling coefficient in
the BMT17 relationship for subduction earthquakes is consistent
with what has been observed for ground motion prediction equations (GMPE) for spectral acceleration for subduction earthquakes
(e.g., Abrahamson et al. 2016) compared with shallow crustal
earthquakes (e.g., Abrahamson et al. 2013). The higher magnitude
scaling coefficient in the BMT17 relations may also be due to the
longer duration of subduction earthquake records relative to records
from shallow crustal earthquakes of similar magnitude. The
extrapolation of the BT07 model, which was based on shallow
crustal earthquakes with M ≤ 7.6, to the higher magnitudes possible with large subduction zone interface earthquakes was
conservative. It is fortuitous, that the BT07 model provides reasonable seismic slope displacement estimates for large magnitude subduction zone interface earthquakes. It provides poorer, although
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Fig. 6. Comparison of residuals [i.e., LnðDdata Þ − LnðDPredicted Þ] from the BT07 method versus the proposed BMT17 equations for use in subduction
earthquake zones for (a) yield coefficient; (b) initial fundamental period of sliding mass; (c) moment magnitude

conservative, estimates of seismic displacement for lower magnitude subduction zone events.
This study considered 810 two-component ground motion recordings from subduction zone interface earthquakes whereas
the BT07 model was developed using 688 two-component ground
motion recordings from shallow crustal earthquakes along active
plate margins. The new BMT17 model is based on a broader range
of distances and magnitudes. As expected, there are differences
attributed to the unique characteristics of ground motions from
shallow crustal and subduction zone settings. For example, it
has been observed empirically for a given earthquake magnitude,
source-to-site distance, and site condition, that the ground motion
records from shallow crustal settings tend to have a stronger long
period content energy compared with ground motion records from
subduction interface settings (i.e., in terms of spectral shape, spectral accelerations reduce at a slower rate over the long period range
of the spectrum). This effect is captured by GMPEs proposed for
these seismic settings (e.g., Abrahamson et al. 2013; Abrahamson
et al. 2016), as illustrated in Fig. 7, which shows a comparison of
the shape of 5% damped acceleration response spectra for shallow
crustal and subduction zone earthquakes for a fixed magnitude, distance, and site condition. In Fig. 7, the Sa ð1.5T s Þ was anchored for
© ASCE

a representative fundamental period of T s ¼ 0.3 s to observe differences in spectral shape. The acceleration response spectrum for a
shallow crustal earthquake has a stronger long period energy content relative to its short period energy compared to the shape of the
response spectrum for a subduction interface earthquake. Because
the amount of seismic slope displacements is governed more by
long period energy, the negative (conservative) residuals of the
BT07 method (when used in subduction settings) is consistent with
the described empirical observations and GMPEs.

Pseudostatic Seismic Coefficient
Pseudostatic slope stability procedures are often used in engineering practice to evaluate preliminarily the likely seismic performance of earth/waste structures and natural slopes. Although
these procedures have the advantage of being straightforward and
relatively easy to use, they cannot offer a reliable assessment of the
likely seismic performance of the system unless the parameters
used in the analysis accurately reflect the potential seismic demand.
Hence, the selection of the seismic coefficient used in a pseudostatic slope stability analysis is critically important. The seismic
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ð8cÞ

Fig. 7. Spectral shape comparison for shallow crustal and subduction
interface earthquakes for V s30 ¼ 760 m=s site condition; Sa ð1.5T s Þ at a
fundamental period of 0.2 s is normalized to the value corresponding to
the shallow crustal response spectrum for moment magnitude 8.0 and
source-to-site distance of 60 km; 5%-damped acceleration response
spectra were calculated from the Abrahamson et al. (2013) and Abrahamson et al. (2016) GMPEs for shallow crustal and subduction zone
earthquakes, respectively

coefficient used in a pseudostatic slope stability analysis is typically
taken to be some fraction of the maximum seismic coefficient
because slightly exceeding the maximum seismic resistance for a
few instances will only lead to minor accumulated seismic displacement. Thus, even when using a pseudostatic approach, the
performance goal is in terms of the expected range of seismic displacement (Bray and Travasarou 2009).
Bray and Travasarou (2009) proposed a rational basis for selecting a seismic coefficient (k) for use in a pseudostatic slope stability
analysis by requiring it to provide a seismic assessment that is consistent with the results of the Bray and Travasarou (2007) seismic
slope displacement analysis. Similarly, the results of the proposed
seismic displacement procedure for subduction zone earthquakes
can be used to develop a model that calculates a seismic coefficient
that provides a consistent seismic assessment with the seismic slope
displacement analysis. The predictive model for estimating seismic
displacement (D) consists of two equations that calculate the probability of zero displacement, and the likely amount of nonzero
displacement. The first equation can be neglected in this application
because it does not have a noticeable effect on ky for a median
seismic displacement value larger than 5 cm. For smaller displacements, neglecting the first equation yields conservative results
(i.e., the true displacement will be less than or equal to the target
displacement).
Eq. (4) can be reworked to solve for ky as a function of D and
best-estimate values of the other parameters. If this value of ky is
used in a pseudostatic slope stability analysis as the seismic coefficient (k) and the calculated factor of safety ðFSÞ ≥ 1, then the
selected percentile estimate of the seismic displacement will be less
than or equal to the allowable seismic displacement (Da ). The
calibrated allowable displacement-dependent value of the seismic
coefficient (k) is
pﬃﬃﬃ

−a þ b
k ¼ exp
ð8aÞ
0.780
where
a ¼ 3.353 − 0.538LnðSa ð1.5T s ÞÞ
© ASCE

ð8bÞ

In Eq. (8c), a1 ¼ −6.896, a2 ¼ 3.081, and a3 ¼ −0.803 for
T s ≥ 0.10 s, and a1 ¼ −5.864, a2 ¼ −9.421, and a3 ¼ 0.0 for
T s < 0.10 s. The engineer should first establish the allowable seismic displacement (Da in cm) and the percent exceedance of this
displacement threshold (e.g., median displacement estimate for ε ¼
0 or 16% exceedance displacement estimate for ε ¼ σ ¼ 0.73)
considering the consequences of unsatisfactory performance at displacement levels greater than this threshold in consultation with the
owner. The 16% displacement level is about half of the median displacement level, and if selected, it would lead to a higher seismic
coefficient. The initial period of the potential sliding mass (T s ) is
estimated, and seismic demand is defined in terms of the design
spectral acceleration for the site conditions below the sliding mass
(which may include topographic amplification) at the degraded
period of the sliding mass [i.e., Sa ð1.5T s Þ] and the design moment
magnitude (M) of the controlling earthquake event.
The design spectral acceleration will vary for each project and
depend on important seismic factors such as source-to-site distance,
earthquake magnitude, site conditions, topographic effects, and
slip-rate. The ground motion hazard level (e.g., whether a 50% or
84% value is used in a deterministic assessment or whether the
475-year or 2,475-year return period value is used from a probabilistic assessment) should be established based on the uncertainty
in the seismic hazard characterization, the criticality of the
project, and the consequences of poor performance. Generally,
median or best-estimate values of other design parameters, such
as the dynamic shear strength of soil, its shear wave velocity, and
the representative height of the potential sliding plane, should be
used.
Seismic slope stability is evaluated through application of the
seismic coefficient calculated with Eq. (8) in a pseudostatic slope
stability analysis that satisfies all three conditions of equilibrium. If
the resulting FS is greater or equal to one, the system is judged to
perform satisfactorily because the selected percentile estimate of
the calculated seismically induced permanent displacement will
be less than Da . Generally, the median displacement level should
be used, but for critical projects, a lower percentile displacement
level could be used (i.e., ε > 0). However, it is difficult to track
the overall performance level of the system when for example,
an 84% spectral acceleration value is used in combination with
the 16% displacement level, so it is preferred to use median estimates throughout the calculation or use a value other than the
median for only the most uncertain parameter. Moreover, the minimum value of the acceptable FS should not be set to be greater than
1.0 because FS varies nonlinearly as a function of the reliability of
the system, so the effects of achieving a FS greater than one cannot
be assessed reliably.
Fig. 8 presents the relationship between the seismic coefficient
corresponding to a specified allowable displacement level and key
seismic slope stability parameters. Allowable displacement values
of 15, 30, and 50 cm were used to illustrate the dependence of the
seismic coefficient on the selected level of allowable displacement
for a Magnitude 9 event. Results are also provided for the 30-cm
displacement level for two magnitude scenarios representing a
moderate event (M ¼ 7) and a major event (M ¼ 9). As shown
in Fig. 8(a), the seismic coefficient increases systematically as
the selected allowable displacement value decreases and the 5%
damped elastic spectral acceleration of the ground motion increases. It also increases as the magnitude (i.e., duration) of the
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Fig. 8. Variation of the seismic coefficient as a function of (a) allowable displacement and seismic demand; (b) fundamental period of sliding mass

earthquake event increases. Thus, the seismic coefficient varies systematically in a reasonable manner as the allowable displacement
threshold and design ground shaking level vary.
The seismic coefficient also depends on the potential sliding
mass’s fundamental period [Fig. 8(b)]. Relatively stiff slopes that
have short fundamental periods (i.e., 0.1 s < T s < 0.3 s) tend to
displace more because of resonance with the ground shaking. More
flexible slopes (i.e., T s > 0.5 s) have relatively less potential for
seismic displacement. For representative Sa ð1.5T S Þ, which for illustrative purposes has been selected to correspond to an M 9.0
earthquake scenario at a distance of 35 km, the seismic coefficient
initially increases as the slope’s period increases from zero (i.e., the
rigid sliding mass case) until a peak value is reached, and then it
decreases progressively as the slope’s period moves away from resonance. Hence, the seismic coefficient required to limit a specified
allowable seismic displacement threshold is larger for shallow stiff
sliding masses than for deep flexible sliding masses.

Illustrative Example
The anticipated seismic performance of a representative earth dam
is evaluated in terms of seismically induced permanent slope displacement. A deterministic analysis is performed to evaluate a deep
slide through the dam using the proposed simplified seismic slope
displacement model. The geometry and properties of the dam are
identical to the example used by Bray and Travasarou (2007). The
maximum cross section of the 57-m-high rolled earth-fill dam,
which is founded on fractured rock, is shown in Fig. 9. For the case
of base sliding at the maximum height of this triangular-shaped
potential sliding mass, the best estimate of its initial fundamental
period is

Ts ¼

2.6 · H 2.6 · 57m
≈ 0.33s
¼
450m=s
V̄ s

ð9Þ

The yield coefficient for a deep failure surface was estimated
to be 0.14 from a pseudostatic slope stability analysis performed
with the total stress strength properties of c ¼ 14 kPa and ϕ ¼ 21°
based on undrained triaxial compression tests.
The deterministic design earthquake scenario is represented by a
mean maximum magnitude M ¼ 9.0 at the closest rupture-distance
of R ¼ 50 km. The best estimate of the 5% damped spectral
acceleration at the degraded period of the dam [i.e., 1.5T s ¼
1.5 ð0.33 sÞ ¼ 0.5 s] is computed as the average of the median predictions of three GMPEs (e.g., Abrahamson et al. 2016; Atkinson
and Boore 2003; Zhao et al. 2006) for the rock site condition for an
interface earthquake with M ¼ 9.0 and R ¼ 50 km as Sa ð0.5sÞ ¼
0.47 g, 0.45 g, and 0.49 g, respectively. Thus, the average value of
Sa at the degraded period of sliding mass is 0.47 g, its initial period
is 0.33 s, and ky is 0.14.
The probability of zero displacement occurring is computed
using Eq. (2) as
PðD ¼ 0Þ ¼ 1 − Φð−2.64 − 3.20Lnð0.14Þ
− 0.17ðLnð0.14ÞÞ2 − 0.49ð0.33ÞLnð0.14Þ
þ 2.09ð0.33Þ þ 2.91Lnð0.47ÞÞ ¼ 0

ð10Þ

There is zero probability of negligible displacements occurring
for this event. The 16 and 84% exceedance seismic slope displacement values are computed from Eq. (4) using a standard deviation
for the natural logarithm of the displacement of 0.73. The seismic
displacement is estimated from Eq. (4) using the same design
parameters with M ¼ 9.0 as

Fig. 9. Maximum cross section of dam used in illustrative example (adapted from Bray and Travasarou 2007, © ASCE)
© ASCE
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þ 0.55ð9.0Þ  ε

ð11Þ

The estimated median seismic slope displacement is: D ¼
expðLnðDÞÞ ¼ expð2.43Þ ≈ 11 cm. The seismic displacement
range between the 16–84% exceedance levels [by subtracting
and adding ε ¼ 0.73, respectively, to the right side of Eq. (11)] is
calculated to be 5–23 cm for the design earthquake scenario. The
16% exceedance displacement value is approximately half of the
median estimate, and the 84% exceedance displacement value is
approximately twice the median estimate because the standard
deviation for the natural logarithm of displacement is 0.73. Thus,
one could simply use Eq. (4) to estimate the median seismic displacement and use a range from half this value to twice this value as
the seismic slope displacement estimate range. The direction of this
displacement should be oriented parallel to the direction of slope
movement, which will be largely horizontal for this case. For the
total crest displacement of the dam, a procedure such as Tokimatsu
and Seed (1987) is required to estimate the vertical settlement due
to cyclic volumetric compression of the compacted earth fill.
The seismic coefficient to be used in a pseudostatic slope
stability analysis of the dam depends greatly on the allowable level
of seismic displacement. If the allowable seismic displacement at
the 16% exceedance range was judged to be 100 cm for the
dam being analyzed, the appropriate seismic coefficient is 0.07 using Eq. (8) with the input values of: Da ¼ 100 cm, T s ¼ 0.33 s,
Sa ð0.5 sÞ ¼ 0.47 g, M ¼ 9.0, and ε ¼ 0.73. Use of k ¼ 0.07 is
also consistent with a median allowable displacement level of
50 cm. The seismic coefficient value of 0.07 is applied in a pseudostatic slope stability analysis of the dam for this case, and if the
calculated factor of safety is greater or equal to one, the dam is
judged to perform satisfactorily based on the selected level of
allowable displacement and the other factors.

Conclusions
A simplified seismic slope displacement procedure for evaluating
earth structures or natural slopes subjected to interface earthquakes
in subduction zones is developed. The proposed simplified procedure for estimating shear-induced seismic slope displacements
uses the framework of Bray and Travasarou (2007). The fully
coupled, nonlinear seismic slope displacement model captures the
important influence of the system’s yield coefficient ky , its initial
fundamental period T s , and the ground motion’s spectral acceleration at a degraded period of the slope taken as 1.5T s . The model
separates the probability of zero displacement (i.e., <0.5 cm) from
the distribution of nonzero displacement, so that low values of
calculated seismic displacement do not bias the results. The primary source of uncertainty in assessing the seismic performance
of an earth slope or system during an earthquake is the input ground
motion. Therefore, a comprehensive database containing 810 twocomponent ground motion recordings from subduction zone interface earthquakes was developed and used to compute the seismic
slope displacements.
A comparison of the proposed procedure with Bray and
Travasarou (2007), which was developed for shallow crustal earthquake settings, shows that the Bray and Travasarou (2007) procedure is conservative when it is used to estimate seismic slope
displacements for subduction zone interface earthquakes. There are
differences between the ground motion recordings of subduction
© ASCE

zone earthquakes and shallow crustal earthquakes. However, the
differences are generally minor. The proposed seismic slope displacement model better captures the unique seismic setting of subduction zone interface earthquakes, so it should be used to estimate
seismic slope displacements for these types of events.
The proposed simplified seismic slope displacement models
are provided at Bray (2017). It can be implemented rigorously
within a fully probabilistic framework for the evaluation of the seismic displacement hazard, or it may be used in a deterministic analysis. In all cases, however, the estimated range of seismic slope
displacement should be considered an index of the expected seismic performance of the earth system. Lastly, care should be exercised if the proposed models are used to evaluate cases outside of
the range of the data used to develop them.
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