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ARTICLE INFO ABSTRACT

Keywords: The calculated seismic slope displacement provides a valuable index of the seismic performance of earth em-

Dam bankments and natural slopes. Sliding block models are often employed. The specific features of each sliding

Displacement block method determine its reliability. Rigid sliding block models should not be used except for the limited case
Ei;rzt::iluake when the sliding mass is rigid. A coupled nonlinear deformable stick-slip sliding block model calculates
Performance reasonable seismic slope displacements. The primary source of uncertainty in assessing the seismic performance
Probabilistic of an earth slope is the input ground motion. Hence, many ground motion records for each tectonic setting should

Slope be employed. Seismic slope displacement depends primarily on the earth structure’s yield coefficient and the
earthquake ground motion’s spectral acceleration at the effective fundamental period of the sliding mass.
Coupled nonlinear sliding block models enable the sensitivity of the seismic slope displacement and its uncer-
tainty to key input parameters to be assessed. These procedures can be implemented within a performance-based

design framework to estimate the seismic slope displacement hazard, which is a more rational approach.

1. Introduction

The failure of slope systems (e.g., earth dams, waste fills, natural
slopes) during an earthquake can produce significant losses. Addition-
ally, major damage without failure can have severe economic conse-
quences. Accordingly, the seismic performance of earth structures and
natural slopes requires evaluation. The assessment of the seismic per-
formance of slope systems ranges from using straightforward pseudo-
static procedures to advanced nonlinear effective stress finite difference
analyses. Performance should be evaluated through an assessment of the
potential for seismically induced permanent displacement. A modified
Newmark [1] sliding block analysis is often employed as part of the
seismic evaluation of earth structures and natural slopes. They provide a
preliminary assessment of an earth system’s seismic performance.
However, the available simplified seismic slope displacement proced-
ures differ significantly in important ways, which should be considered
before using them in engineering practice. Key aspects of these pro-
cedures are critiqued in this paper, and recently developed procedures
by the authors for estimating earthquake-induced shear deformation in
earth and waste structures and natural slopes are summarized. These
probabilistic seismic slope displacement methods are implemented
within a performance-based framework using a seismic slope displace-
ment hazard calculation. Recommendations for the use of seismic slope
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displacement procedures in engineering practice are shared.
2. Seismic slope stability analysis
2.1. Critical design issues

Two critical design issues must be addressed when evaluating the
seismic performance of an earth structure or slope.

1. Most importantly, the engineer must investigate if there are mate-
rials in the structure or its foundation that will lose significant
strength due to cyclic loading (e.g., liquefaction). If severe strength
loss is possible, this issue should be the primary focus of the evalu-
ation because a flow slide could occur. The post-cyclic strength of
materials that lose strength due to earthquake loading must be
evaluated. The post-cyclic static slope stability factor of safety (FS)
should be calculated. If it is near to or below one, a flow slide is
possible, such as the tailings dam flow failure shown in Fig. 1.
Mitigation measures or advanced analyses are warranted to address
or to evaluate the flow slide and its consequences.

2. If materials within or below the earth structure will not lose signif-
icant strength due to cyclic loading, the deformation of the earth
structure or slope must be evaluated to assess if earthquake-induced
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deformation adversely affects the performance of the system. The
estimation of seismically induced slope displacement helps the en-
gineer address this issue in combination with nonlinear effective
stress finite different analyses when warranted. The calculation of
seismic slope displacement using deformable sliding block analyses
are the focus of this paper.

2.2. Shear-induced seismic displacement

The calculated seismic slope displacement from a modified Newmark
[1] procedure, whether it is simplified or advanced, is an index of the
potential seismic performance of the earth structure or slope. Seismic
slope displacement estimates are approximate in nature due to the
complexities of the dynamic response of the earth/waste materials
involved and the variability of the earthquake ground motion, among
other factors. However, when viewed as an index of potential seismic
performance, the calculated seismic slope displacement can be used
effectively in engineering practice to evaluate the seismic stability of
earth structures and natural slopes.

A modified Newmark sliding block model can capture that part of the
seismically induced permanent displacement attributed to shear defor-
mation (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 of the soil is not captured
explicitly by Newmark models. The top of a slope can displace down-
ward due to shear deformation or volumetric compression of the slope
materials. However, movements at the top of a slope resulting from
distributed shear straining within the sliding mass or stick-slip sliding
along a failure surface are mechanistically different from top-of-slope
movements that result from seismically induced volumetric compres-
sion of the materials forming the slope.

Although a Newmark-type procedure may appear to capture the
overall top-of-slope displacement for cases where seismic compression
due to volumetric contraction of soil or waste is the dominant mecha-
nism, this is merely because the seismic inertial forces that produce large
shear strains often produce correspondingly large volumetric compres-
sion strains. This apparent correspondence does not imply that a New-
mark sliding block model should be used to estimate seismic
displacement due to volumetric strain. There are cases where the
Newmark method does not capture the overall displacement at the top of
a slope, such as the seismic compression of compacted earth fills (e.g.,
Ref. [3]). There are other cases when there are negligible
volumetric-induced slope movements such as in the short-term un-
drained response of a saturated clay slope. Shear-induced deformation
and volumetric-induced deformation should be analyzed separately
using procedures based on the sliding block model to estimate
shear-induced displacement and using other procedures to estimate
volumetric-induced displacement (e.g., Ref. [4]). The combined effects
of the shear-induced ground movements and volumetric-induced
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ground movements should then be evaluated.
3. Seismic slope displacement procedures
3.1. General

The critical components of a sliding block analysis are: 1) the dy-
namic resistance of the structure, 2) the earthquake ground motion, 3)
the dynamic response of the sliding mass, and 4) the permanent
displacement calculational procedure. The dynamic resistance of the
earth/waste structure or natural slope is a key component in the anal-
ysis. The system’s yield coefficient defines its maximum dynamic
resistance. The earthquake ground motion is the input to assessing the
seismic demand on the system. The dynamic response of the potential
sliding mass to the input earthquake ground motion should be consid-
ered because the sliding mass is rarely rigid. The sliding block calcula-
tional procedure should capture the coupled dynamic response and
sliding resistance of the sliding mass during ground shaking. Other
factors, such as topographic effects, can be important in some cases. In
critiquing a seismic slope displacement procedure, one should consider
how each procedure characterizes the slope’s dynamic resistance, the
earthquake ground motion, the dynamic response of the system to the
ground motion, and the calculational procedure.

3.2. Dynamic resistance

The slope’s yield coefficient (k,) represents its dynamic resistance. It
is calculated as the horizontal seismic coefficient that results in a FS =
1.0 in a pseudostatic slope stability analysis. It depends primarily on the
dynamic strength of the material along the critical sliding surface, the
structure’s geometry and weight, and the initial pore water pressures
that determine the in situ effective stress within the system. The yield
coefficient greatly influences the seismic slope displacement calculated
by any Newmark-type sliding block model.

The primary issue in calculating k), is estimating the dynamic
strength of the critical strata within the slope. Several publications
include extensive discussions of the dynamic strength of soil (e.g., Refs.
[5,6,71). The engineer should devote considerable attention and re-
sources to developing realistic estimates of the dynamic strengths of key
slope materials. Effective stress, drained strength parameters are
appropriate for unsaturated or dilative cohesionless soil. Pore water
pressure generation or undrained strength parameters and post-cyclic
residual shear strength are required to characterize saturated, contrac-
tive cohesionless soil. Newmark procedures should not be applied to
cases involving soil that undergoes severe strength loss due to earth-
quake shaking (e.g., liquefaction) without considerable judgment. For
clay soil that does not liquefy, its dynamic peak undrained shear
strength (s, dynpeak) can be related to its static peak undrained shear
strength (sy statpeak) Using adjustment factors [8,9] as:
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Fig. 1. (a) Pre-earthquake and (b) post-earthquake satellite images of the Las Palmas Gold Mine Tailings Dam failure due to a liquefaction-induced flow failure

during the 2010 Maule, Chile earthquake [2].
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Su,dyn,peak = Su,stat,peak (Crate)(Ceye(Cprogh Caep) (@]

where Cqe = rate of loading factor, C. = cyclic degradation factor,
Cprog = progressive failure factor, and Cgr = distributed shear defor-
mation factor.

The shear strength of a plastic clay increases as the rate of loading
increases (e.g., Refs. [7,10-12]). The undrained shear strength of
viscous clay materials can increase by about 10%-15% for each ten-fold
increase in the strain rate. For example, Biscontin and Pestana [12]
found that s, gyn peak at earthquake rate of loadings was 1.3x larger than
Sustatpeak Measured at conventional rates of loading in the vane shear test
in a soft plastic clay. Rau [13] found the shear strength mobilized in the
first cycle of a rapid cyclic simple shear test on San Francisco Young Bay
Mud from Hamilton Air Force Base was up to 40%-50% higher than that
mobilized in a conventional static test performed at typical loading
rates. Cyclic simple shear tests on Young Bay Mud at the San
Francisco-Oakland Bay Bridge [14] indicated the strength mobilized in
the first cycle of loading was about 40% greater than that mobilized in
the monotonic test at the conventional strain-rate for monotonic shear
tests at the same level of strain. It depends on the clay and testing device,
etc., but generally, the ratio of s, gyn peak/Su,statpeak in One cycle of loading
at a strain rate representative of an earthquake loading relative to that
for a conventional static test leads to a Cyq value on the order of 1.3-1.7.

With additional cycles of loading, the peak undrained shear strength
of a plastic clay can degrade (e.g., Ref. [10]). This effect is captured with
the cyclic degradation factor: Ccy.. For example, Rau [13] found that by
the 15th load cycle, the cyclic shear strength of San Francisco Young Bay
Mud had reduced from its highest value in the first cycle of rapid loading
to a value close to that obtained in the static tests. With more cycles of
loading its strength could reduce further. Shear strength reductions of
10%-30%, which are equivalent to Ccy = 0.9 to 0.7, might be appro-
priate for strain-softening clay shaken by a large magnitude earthquake
with many cycles of loading. Due to cyclic degradation, as the number of
cycles of loading increases, a strain-softening clay’s dynamic shear
strength decreases, especially if the volumetric threshold strain [15] of
the material is exceeded, shear strains approach or exceed values that
are half of its failure strain, and stress reversals occur.

The increased rate of loading during earthquake shaking increases
the dynamic peak shear strength of a plastic clay while a larger number
of load cycles reduces its dynamic peak shear strength due to cyclic
degradation. For example, Rumpelt and Sitar [16] found San Francisco
Young Bay Mud’s post-cyclic peak undrained shear strength ratio
(su/0’vo) measured at slow strain-rates was about equal to its pre-seismic
static strength of s,/6’y, = 0.35. However, its s,/6’y, was 0.55 for 2
cycles of rapid stress-controlled loading (an increase of 1.6), 0.44-0.48
for 12 load cycles (an increase of 1.3), and 0.41 for 22 load cycles (an
increase of 1.2).

In addition to the rate of loading and cyclic degradation factors, a
progressive failure factor of less than one should be applied if the clay
exhibits significant post-peak strain softening when it is likely that the
dynamic peak shear strength will not be mobilized along the entire
failure surface at the same time [9]. This progressive failure phenome-
non can be captured in rigid-perfectly plastic limit equilibrium slope
stability analysis through the use of a reduced “average” shear strength
of the clay along the sliding surface. A value of Cyrog = 0.9 is often
appropriate for moderately sensitive plastic clay.

Additionally, significant shear deformation can accumulate within
part of the potential sliding mass for stress cycles slightly less than the
dynamic peak shear strength due to the nonlinear elastoplastic response
of soil [8,51]. This additional shear deformation initiates before the
localized sliding surface develops fully. It continues due to the general
shearing of soil distributed over a zone that is considerably thicker than
that of the localized sliding surface after it fully develops. This addi-
tional shear-induced displacement is denoted as distributed shear
deformation. A value of Cgy = 0.9 is often appropriate to capture
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approximately this effect in a clay slope in a Newmark sliding block
analysis.

Therefore, the dynamic peak shear strength of a plastic clay used in a
sliding block analysis should depend on the combined effects of the
rapid rate of earthquake loading and the number of significant cycles of
loading, as well as the progressive failure and deformable sliding block
effects. For example, if only one cycle of a near-fault, forward-directivity
pulse motion occurs, the dynamic peak shear strength of San Francisco
Young Bay Mud might be 40% higher than its static peak shear strength
due to the combined effect of Cyqe = 1.4 and Cyc = 1.0. Conversely, if 30
cycles of loading are applied from a backwards-directivity long duration
motion, the clay’s dynamic peak strength might only be 10% greater
than its static peak shear strength due to the combined effect of Crge =
1.4 and C.y = 0.8. Combining these factors in Eq. (1) and including
progressive failure and deformable sliding block effects produces s, gyn,
peak/Sustatpeak Tatios of (1.4)(1.0)(0.9)(0.9) = 1.1 for the forward-
directivity single pulse motion and (1.4)(0.8)(0.9)(0.9) = 0.9 for the
backward-directivity multiple load cycles motion. As the shear strength
of clay depends on the characteristics of the earthquake loading, one
should use different dynamic peak shear strengths for the clay depend-
ing primarily on the number of significant load cycles of the earthquake
ground motion.

The use of a clay’s dynamic peak shear strength would only be
appropriate for a strain-hardening material or when limited seismic
slope displacement is calculated. If moderate-to-large seismic slope
displacement is calculated for the case when the clay exhibits strain-
softening, the dynamic shear strength used in the sliding block anal-
ysis needs to be adjusted to be compatible with the amount of shear
strain induced in the clay (e.g., Ref. [17]). As the dynamic shear strength
reduces as the clay is deformed beyond its peak shear strength, the
resulting yield coefficient will reduce, and additional seismic slope
displacement will be calculated. It is unconservative to use a constant k,,
value based on peak shear strength when the soil exhibits
strain-softening. If a large displacement is calculated, the clay’s residual
shear strength is appropriate for calculating ky. The residual shear
strength of clay is often found to be insensitive to variations in
strain-rate (e.g. Ref. [12]), so its dynamic residual shear strength can be
assumed to be equal to its static residual shear strength.

Duncan [18] found consistent estimates of a slope’s static FS are
calculated if a slope stability procedure that satisfies all three conditions
of equilibrium is employed. Computer programs that utilize methods
that satisfy full equilibrium, such as the Spencer, Morgenstern and Price,
and Generalized Janbu methods, should be used to calculate the static
FS. These methods should also be used to calculate k.

Lastly, the potential sliding mass that has the lowest static FS may not
be the most critical for dynamic analysis. A search should be made to
find sliding surfaces that produce low k, values as well. The most
important parameter for identifying critical potential sliding masses for
dynamic problems is finding the sliding surface with the lowest ky/kmax
value, where kjq, is an estimate of the maximum seismic loading
considering the dynamic response of the sliding mass.

3.3. Earthquake ground motion

An acceleration-time history provides a complete characterization of
an earthquake ground motion. In a simplified description of a ground
motion, its intensity, frequency content, and duration must be specified
at a minimum. In this manner, a ground motion can be described in
terms of parameters such as peak ground acceleration (PGA), mean
period (Ty,), and significant duration (Ds.g5). It is overly simplistic to
characterize an earthquake ground motion by just its PGA, because
ground motions with identical PGA values can vary significantly in
terms of frequency content and duration and, most importantly, in terms
of their effects on seismic slope performance.

The use of PGA as the seismic intensity parameter in a seismic slope
displacement procedure indicates a rigid sliding block model has been
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employed. Doing so ignores the dynamic response of the potential
sliding mass, which is important for cases when the sliding mass cannot
be assumed to be infinitely stiff. The Makdisi and Seed [19] method
modifies the PGA estimated at the crest of a dam or slope (PGAres) to
capture the dynamic response of the potential sliding mass using the
equivalent-acceleration concept described in Ref. [20]. However, esti-
mating the maximum seismic demand on an earth embankment (kpqy) as
a function of PGA.s is problematic because it is highly uncertain to
estimate the PGA that is produced at the top of a dam or slope during
earthquake shaking. Alternatively, the 5%-damped elastic spectral ac-
celeration (Sg) at the degraded fundamental period of the potential
sliding mass, which occurs in the material below the potential sliding
mass assuming it is outcropping, can be used as the seismic intensity
parameter.

Spectral acceleration has been commonly employed in earthquake
engineering to characterize an equivalent seismic loading on a structure
from the earthquake ground motion. Bray and Travasarou [21] found
that S, at the degraded fundamental period of the potential sliding mass
for the material below it was the optimal ground motion intensity
measure in terms of efficiency and sufficiency (i.e., it minimizes the
variability in its correlation with seismic displacement, and it renders
the relationship independent of other variables, respectively, [22]). An
estimate of the initial fundamental period of the sliding mass (Ts) is
required when using spectral acceleration. T is useful because it rep-
resents the dynamic response characteristics of a sliding mass. Addi-
tional benefits of using S, are it can be estimated reliably with ground
motion models, and it is available at various return periods in ground
motion hazard maps. Spectral acceleration captures the intensity and
frequency content characteristics of an earthquake motion, but it fails to
capture duration. Moment magnitude (M,,) can be added to capture the
duration of strong shaking. Some Newmark-type models (e.g., Ref. [23];
and [24]) also use peak ground velocity (PGV) to bring in frequency
content or near-fault forward-directivity effects.

Ground motion characteristics vary systematically in different tec-
tonic settings. For instance, the NGAWest-2 ground motion models
(GMMs) differ significantly from the NGA-Sub GMMs for subduction
interface and intraslab earthquakes (e.g., Refs. [25,26]; respectively).
Hence, it is important to use suites of a sufficient number of ground
motion records appropriate for the tectonic settings affecting the proj-
ect. It follows that seismic slope displacement procedures for use with
shallow crustal earthquakes along active plate margins, subduction zone
interface and intraslab earthquakes, and stable continental earthquakes
will differ. As significant regional distinctions are identified (e.g., crustal
attention in Japan vs. South America for subduction zone interface
earthquakes), additional refinements may be justified. The exponential
growth of the number of ground motion records in different regions of
each tectonic setting is enabling researchers to examine these issues.

3.4. Dynamic response and seismic displacement calculation

The seismic slope displacement depends on the dynamic response of
the potential sliding mass. With all other factors held constant, seismic
displacement increases when the sliding mass is near resonance
compared to that calculated for very stiff or very flexible slopes (e.g.,
Refs. [27-29]). Many of the available seismic slope displacement pro-
cedures employ the original Newmark [1] rigid sliding block assump-
tion. These procedures do not capture the dynamic response of the
deformable sliding mass during earthquake shaking. Thus, seismic slope
procedures based on the rigid block model should not be used in cases
when the ground cannot be assumed to be rigid. Rigid sliding block
models are only appropriate for shallow sliding of very stiff materials.

Seed and Martin [20] introduced the concept of an average accel-
eration to represent the seismic loading of a sliding earth mass. When
applied to a rigid sliding mass, the average acceleration-time history
produces the same dynamic shear stresses along the sliding surface that
is produced when a dynamic analysis of the deformable earth structure
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is performed. The calculation of the average acceleration-time history in
a dynamic analysis that assumes no relative displacement occurs along
the failure surface is decoupled from the rigid sliding block calculation
that is performed using the average acceleration-time history to calcu-
late the seismic slope displacement. Given the large sources of uncer-
tainty present in some analyses, the decoupled approximation is often
judged to provide a reasonable estimate of seismic slope displacement
(e.g., [28,53]). However, it is not always reasonable, and it can lead to
significant overestimation near resonance and some level of underesti-
mation for cases where the structure has a large fundamental period or
the ground motion is an intense near-fault motion. A nonlinear coupled
stick-slip deformable sliding block model offers a more realistic repre-
sentation of the dynamic response of an earth system by accounting for
the deformability of the sliding mass and by considering the simulta-
neous occurrence of its nonlinear dynamic response and periodic sliding
episodes (Fig. 2). Its validation with shaking table experiments provides
confidence in its use [29].

For seismic slope displacement methods that incorporate the seismic
response of a deformable sliding block, the initial fundamental period of
the sliding mass (T5) of a relatively long sliding mass can be estimated as:
Ts; = 4H/Vy’, where H is the maximum height of the sliding mass and V;’
is its equivalent shear wave velocity = Z[(V)(m)1/Z(m;), where m; is
each differential mass i with shear wave velocity of V;; [31]. For the case
of a triangular-shaped sliding mass, T; = 2.6H/V;’ should be used [32].
The initial fundamental period of the sliding mass can be estimated
approximately for other cases using a mass-weighted fundamental
period (T;") of rectangular slices of the sliding mass, as illustrated in
Fig. 3. Ty’ is calculated as the mass-weighted fundamental period of each
incremental slice of the sliding mass, wherein the fundamental period of
each rectangular slice of height H; and shear wave velocity of V' is
calculated as Ts; = 4 H;/Vy;'. The effective height of the entire slide mass
(H’) is calculated as (T5’)(Vs’)/4, and the initial fundamental period of
the sliding mass can be approximated as Ts = 4 H’/Vy’. H’ varies from
0.65 H to 1.0 H, where H is the maximum height of a vertical line within
the sliding mass (not the total height of the sliding mass from its base to
its top). The use of T implicitly assumes the material below the sliding
mass is rigid. Adjustments may be required if the base is not stiff relative
to the potential sliding mass or if topographic effects are significant. As
the method is based on 1D analysis, which may underestimate the
seismic demand of shallow sliding at the top of 2D systems affected by
topographic amplification, the input motion’s intensity parameter
should be amplified by 25% for moderately steep slopes and by 50% for
steep slopes [21]. It may be amplified by 100% for localized sliding at
the dam crest [33]. Lastly, the effects of two-way sliding and vertical
ground motions can be neglected in most cases [17]. However, as stated
previously, the yield coefficient should be compatible with the dynamic
shear strength of the soil, which can vary during sliding due to cyclic
degradation and strain-softening.

Dynamic Response Sliding Response
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Fig. 2. Decoupled and fully coupled sliding block analysis [30].
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Slice # Hel(gnl:;, B (\lr:‘lu) ’ Sllce(:ﬂ.rze)a, A (r\:‘s/is) (Vsi) x (A) Tsi(s) (Tsi) x (A)
1 8.85 15.30 137.9 300.0 41,370 0.118 16.27
2 23.95 15.30 373.3 300.0 111,990 0.319 119.2
3 33.75 15.30 554.0 300.0 166,200 0.450 249.3
4 34.65 15.30 539.0 300.0 161,700 0.462 249.0
5 29.35 15.30 456.1 300.0 136,830 0.391 178.5
6 24.00 15.30 373.2 300.0 111,960 0.320 119.4
7 18.65 15.30 290.2 300.0 87,060 0.249 72.26
8 13.35 15.30 207.3 300.0 62,190 0.178 36.90
9 8.00 15.30 124.4 300.0 37,320 0.107 13.27
10 2.65 15.30 41.5 300.0 12,450 0.035 1.47
Max height in slide mass, H=37.3 m A =3,097 m? X (Vsix A)) = 929,100 m?/s X (Tsix Aj) = 1,056 m’s

Vs,av =3 (Vsi X A|) /EA| =300.0 m/s

H'=TsavX Vsav / 4.0 = (0.341 5)(300.0 m/s) / 4.0 =25.58 m

Tsav=2 (Tsi X Ai) / 2Ai=0.341s

H'=(25.58 m/37.3 m)H =0.69 H

Fig. 3. Estimating the initial fundamental period of potential sliding blocks using T; = 4 H’/V;’ (after [31].

3.5. Summary of seismic slope displacement procedures

Key characteristics of a few of the widely used simplified seismic
slope displacement procedures are summarized in Table 1. As discussed
later, the Bray and Macedo [24] procedure is an update to the Bray and
Travasarou [21] procedure which takes advantage of an order of
magnitude increase in the number of ground motion records from
shallow crustal earthquakes, so the latter procedure is not included in
Table 1. Likewise, the Macedo et al. [34] procedure is an update of the
Bray et al. [36] procedure of subduction zone interface earthquakes, and
Macedo et al. [34] introduce a separate model for subduction zone
intraslab earthquakes because they differ significantly from interface
earthquakes.

The Makdisi and Seed [19] procedure is based on a limited number of

analyses using only 4 ground motion records, one of which was created
by combining parts of the other 3 records because records from large
magnitude earthquakes were not available at the time of its develop-
ment. The Jibson [52] method is only applicable to rigid sliding masses.
The [23,24]; and [34] procedures are strictly only applicable to a sliding
mass whose response is dominated by its 1D response. However, as
discussed previously, much of the response of 2D systems can be
captured reasonably well by its 1D dynamic response, and the 1D results
can be adjusted if 2D effects are judged to be important. The value of
using 1D analysis is that the important influence of the input ground
motion can be considered using thousands of ground motion records. In
this paper, the Bray and Macedo and Macedo et al. [24,34] seismic slope
displacement procedures are summarized and applied to develop a
probabilistic seismic displacement hazard curve to enable a
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Table 1

Summary of key characteristics of some seismic slope displacement procedures.

Soil Dynamics and Earthquake Engineering 168 (2023) 107835

Characteristic Makdisi & Seed 1978. Jibson 2007 Rathje & Antonakos. Bray & Macedo 2019. [24] Macedo et al. 2023. [34]
[19] [52] [23]

Tectonic Setting Shallow Crustal Shallow Crustal Shallow Crustal Shallow Crustal Subduction Zone Interface &
Intraslab

# of records 4 875 2383 (400)" 6711 6240 & 8299

# of analyses 21 875 14,000 (1600)* 2,900,000 1,510,000 & 1,856,000

Resistance Constant ky Constant ky Constant ky Constant k Constant k

Sliding mass Flexible Rigid Flexible & Rigid Flexible & Rigid Flexible & Rigid

Calculation Decoupled Newmark Coupled Coupled Coupled

Foundation Rigid Rigid Rigid Rigid Rigid

Seismic Intensity PGA rest; My PGA, M, PGA, PGV, T, T2, Sa(1.3Ty), Ts, My, PGV FD Sa(1.3Ty), T, My, PGV optional

Parameters motion
Uncertainty Deterministic Probabilistic Probabilistic Probabilistic Probabilistic

Notes: 1. Number of records and analyses based on [35] and values in parenthesis are additional analyses performed in [23].

2. Ts is the period of the sliding mass and Ty, is mean period of the input motion.

performance-based assessment.

4. Performance-based seismic slope displacement procedures
4.1. General

The characteristics of the input ground motion are a key source of
uncertainty in the estimate of seismic slope displacement. Thus, it is
prudent to employ a comprehensive database of ground motion records
for the tectonic setting of the governing earthquakes. Recently devel-
oped seismic slope procedures for shallow crustal earthquakes and for
interface events and intraslab events in subduction earthquake zones are
summarized in this section of the paper.

In these procedures, seismic slope displacement is modeled as a
mixed random variable with a certain probability mass at zero
displacement and a probability density for finite displacement values
[21]. This approach allows the regression of seismic slope displacements
(D) to not be controlled by meaningless values of calculated seismic
displacement (i.e., D < 0.5 cm). The probability density function of
seismic displacements is:

Jo(d)=P(d —dy) + (1 - P)f p(d) ®))

where fp(d) is the displacement probability density function; P is the
probability mass at D = do; §(d —do) is the Dirac delta function, and f;,(d)
is the displacement probability density function for D > dy. A mixed
probability distribution has a finite probability at D = dy = 0.5 cm and a
continuous probability density for D > do. The resulting model provides
an equation for computing the probability of “zero” (i.e., negligible)
displacement and an equation for computing the ‘“nonzero”
displacement.

The “zero” and “nonzero” displacement equations can be combined
to calculate the probability of the seismic displacement exceeding a
specified seismic slope displacement (d) for an earthquake scenario (i.e.,
S4(1.3Ty) and M,,) and slope properties (i.e., ky and T;). The probability
of the seismic slope displacement (D) exceeding a specified displacement
(d) is:

P(D>d)=[1—P(D=0)]P(D>d|D>0) 3)

where P(D= 0) is computed using the probability of “zero” displace-
ment equations that follow, and the term P(D > d|D > 0) is computed
assuming that the estimated displacements are lognormally distributed
as:

Ln(d) — Ln(d)> @

P(D>d\D>O):1fP(D§d|D>O):1ftb( p

where Ln(d) is calculated using the “non-zero” equations that follow,
and o is the standard deviation of the random error of the applicable

equation.

4.2. Shallow crustal earthquakes

A total of 6711 ground motion records (with each record having 2
horizontal components) from shallow crustal earthquakes along active
plate margins were employed in the Bray and Macedo [24] update of the
Bray and Travasarou [21] procedure. Their study took advantage of the
NGA-West2 empirical ground motion database [25]. Each ground mo-
tion recording horizontal component was applied to the rigid base below
the fully coupled, nonlinear, deformable stick-slip sliding block to
calculate seismic displacement [24]. The seismic displacement values
calculated from the two horizontal components were averaged for or-
dinary ground motions, which are ground motions without near-fault
forward-directivity pulses. The opposite polarity of the horizontal
components, which represents an alternative excitation of the slope, was
also used to compute an alternative average seismic displacement, and
the maximum of the average seismic displacement value for each po-
larity was assigned to that ground motion record. For the near-fault
forward-directivity pulse motions, the two recorded orthogonal hori-
zontal components for each recording were rotated from 0° to 180° in 1°
increments for each polarity to identify the component producing the
maximum seismic displacement (D100) and median seismic displace-
ment (D50). Nearly 3 million sliding block analyses were performed in
the [24] study.

In the near-fault region, the seismic slope displacement will be
greatest for slopes oriented so their movement is in the fault-normal
direction due to forward-directivity pulse motions. In this case, the
D100 equations developed by Ref. [24] should be used. If the slope is
oriented so its movement is in the fault-parallel direction, the D50
equations are used. PGV is required for near-fault motions in combina-
tion with S4(1.3Ty), which is the 5%-damped spectral acceleration at the
degraded period of the sliding mass estimated as 1.3T;. The resulting
D100 equations are:

P(D100=0) = [1 +exp ( — 10.787 — 8.717 Ln(k,) + 1.660 Ln(PGV)
+3.150T, + 7.560 Ln(Sa(1.37,)))] " when 7, < 0.7 (5a)

P(D100=0) = [1 +exp ( — 12.771 — 9.979 Ln(k,) + 2.286 Ln(PGV)
—4.965T, + 4.817 Ln(Sa(1.3T,)))] ' when T, > 0.7s  (5b)

Ln(D100) = c1 — 2.632 Ln(k,) — 0.278(Ln(k,) )’
+0.527 Ln(k,)Ln(Sa(1.3T;) ) 4 1.978 Ln(Sa(1.3T,) )
—0.233(Ln(Sa(1.3T,) ) )> + 2T, + 3(T,)* + 0.01M,, + c4
« Ln(PGV) + ¢
O]
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where P(D100 = 0) is the probability of occurrence of “zero” seismic
slope displacement (as a decimal number); D100 is the “nonzero”
maximum component seismic displacement in cm; k, is the yield coef-
ficient; T; is the initial fundamental period of the sliding mass in seconds;
and S,(1.3T;) the spectral acceleration at a period of 1.3T in the units of
g of the design outcropping ground motion for the site conditions below
the potential sliding mass (i.e., the value of Sq(1.3T;) for the earthquake
ground motion at the elevation of the sliding surface if the potential
sliding mass was removed); ¢ is a normally distributed random variable
with zero mean and standard deviation ¢ = 0.56. When PGV < 150 cm/
s, cl = —6.951, c2 =1.069, c3 = —0.498, and c4 = 1.547 if T; > 0.10 s,
and c1 = —6.724, c2 = —2.744, ¢3 = 0.0, and ¢4 = 1.547 if T; < 0.10 s.
When PGV > 150 cm/s, c1 = 1.764, c2 = 1.069, c3 = —0.498, and ¢4 =
—0.097 if T, > 0.10 s, and c1 = 1.991, ¢2 = —2.744, ¢c3 = 0.0, and c4 =
—0.097 if T; < 0.10 s. The D50 equations are:

P(D50=0) =1+ exp (— 14.930 — 10.383 Ln(k,) + 1.971 Ln(PGV)
+3.763T, + 8.812 Ln(Sa(1.3T})))] “'whenT, <0.7s (7a)

P(D50=0)=[1+exp (— 14.671 — 10.489 Ln(k,) + 2.222 Ln(PGV)
—4.759T, + 5.549 Ln(Sa(1.37,)))] ' when T, > 0.7s  (7b)

Ln(D50) = c1 —2.931 Ln(k,) — 0.319(Ln(k,) )*
+0.584 Ln(k,)Ln(Sa(1.3T,) ) + 2.261 Ln(Sa(1.3T,))
—0.241(Ln(Sa(1.3T,) ) )? + 2T, + c3(T,)* + 0.05M,, + c4
* Ln(PGV) t ¢ (8)

where P(D50 = 0) is the probability of occurrence of “zero” seismic slope
displacement (as a decimal number); D50 is the “nonzero” median
component seismic displacement in cm; ¢ is a normally distributed
random variable with zero mean and standard deviation ¢ = 0.54. When
PGV <150 cm/s, c1 = —7.718,¢c2 =1.031, ¢c3 = —0.480, and c4 = 1.458
if T; > 0.10s,and c1 = —7.497,c2 = —2.731,¢3 = 0.0, and c4 = 1.458 if
T; < 0.10 s. If PGV > 150 cm/s, ¢1 = —0.369, c2 = 1.031, c¢3 = —0.480,
and ¢4 =0.025if T; > 0.10s, and c1 = 2.480, c2 = —2.731, ¢3 = 0.0, and
¢4 =0.025if T; < 0.10 s.
Ordinary (non-pulse) motions produce these equations:

P(D=0)=1- <1>( —248-297 Ln(k,) —0.12(Ln(k,))* - 0.72T, Ln(k,)

+1.70T, +2.78 Ln(Sa(l.STA.))> when T, < 0.7 s (9a)

P(D=0)=1— q>( —3.42-4.93 Ln(k,) —0.30(Ln(k,))”* —0.35T Ln(k,)

—0.62T, +2.86 Ln(Sa(l.STS))> when T, > 0.7 s (9b)

Ln(D) = al —2.482 Ln(k,) — 0.244(Ln(k,) )’
+0.344 Ln(k,) Ln(Sa(1.3T,) ) + 2.649 Ln(Sa(1.3T,))
—0.090(Ln(Sa(1.37) ) )* + a2T, + a3(T,)* + 0.603M,, + ¢

(10)

where P(D = 0) is the probability of occurrence of “zero” seismic slope
displacement (as a decimal number); ® is the standard normal cumu-
lative distribution function; D is the amount of “nonzero” seismic slope
displacement in cm; ky, Ts, So(1.3T;), and M,, are as defined previously,
and ¢ is a normally distributed random variable with zero mean and
standard deviation 6 = 0.72. In Eq. (10), al = —5.981, a2 = 3.223, and
a3 = —0.945 for systems with T; > 0.10 s, and al = —4.684, a2 =
—9.471, and a3 = 0.0 for Ts < 0.10 s. The change in parameters at Ts =
0.10 s reduces the bias in the residuals for very stiff slopes. For the
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special case of the Newmark rigid-sliding block where Ts = 0.0 s, the
“nonzero” D (cm) is estimated as:

Ln(D) = —4.684 —2.482 Ln(k,) — 0.244(Ln(k,) )’ +0.344 Ln(k,) Ln(PGA)
+2.649 Ln(PGA) — 0.090(Ln(PGA))* +0.603M,, = ¢ (11)

where PGA is the peak ground acceleration in the units of g of the input
base ground motion, and ky, My, and ¢ are as defined previously for Eq.
(10). If there are important topographic effects to capture for localized
shallow sliding, the input PGA value should be adjusted as discussed
previously (i.e., 1.3 PGA;p for moderately steep slopes, 1.5 PGAp for
steep slopes, or 2.0 PGA;p for the dam crest). For long, shallow potential
sliding masses, lateral incoherence of ground shaking reduces the input
PGA value employed in the analysis (e.g., 0.65 PGA;p for moderately
steep slopes, [37].

The “nonzero” seismic slope displacement equation for the entire
ground motion database of ordinary and near-fault pulse motions can be
used to calculate a seismic coefficient (k) consistent with a specified
allowable calculated seismic slope displacement (D) for the general
case when PGV < 115 cm/s [24]. The owner and engineer should select
D, (cm) to achieve the desired performance level and the percent ex-
ceedance of this displacement threshold (e.g., median displacement es-
timate for ¢ = 0 or 16% exceedance displacement estimate for ¢ = ¢ =
0.74) considering the consequences of unsatisfactory performance at
displacement levels greater than this threshold. The seismic demand is
defined in terms of S,(1.3Ts) of the input ground motion for the
outcropping site condition below the sliding mass and M,, of the gov-
erning earthquake event. If this value of k is used in a pseudostatic slope
stability analysis and the calculated FS > 1.0, then the selected
percentile estimate of the seismic displacement will be less than or equal
to Dy. The minimum value of the acceptable FS should not be greater
than 1.0, because FS varies nonlinearly as a function of the reliability of
the system, and the procedure is calibrated to FS > 1.0.

The effects of specifying the allowable displacement as well as the
level of the seismic demand in terms of S,(1.3Ts) on the value of k are
illustrated in Fig. 4. Allowable displacement values of 5 cm, 15 cm, 30
cm, and 50 cm are used to illustrate the dependence of k on the selected
level of D, for a M,, 7.0 earthquake. Results are also provided at the 30
cm allowable displacement level for a lower magnitude event (M,, = 6).
As expected, k increases systematically as the 5%-damped elastic spec-
tral acceleration of the ground motion increases. Importantly, k also
increases systematically as the allowable displacement value decreases.
It also decreases as the earthquake magnitude decreases. The seismic
coefficient varies systematically in a reasonable manner as the allowable
displacement threshold and design ground shaking level vary.

4.3. Interface and intraslab subduction zone earthquakes

Macedo et al. [34] recently updated the subduction zone interface
earthquake seismic slope displacement procedure developed by Bray
et al. [36]. They took advantage of the recently developed comprehen-
sive NGA-Sub ground motion database [26] generated by the Pacific
Earthquake Engineering Research (PEER) Center. Macedo et al. [34]
utilized 6240 two-component horizontal ground motion recordings from
174 interface earthquakes with M,, from 4.8 to 9.1 to calculate seismic
slope displacements with the Bray and Macedo [24] coupled nonlinear
sliding block model.

An engineering-oriented robust seismic slope displacement devel-
oped using subduction zone intraslab earthquake ground motions did
not exist. Given intraslab earthquake ground motion models differ from
interface earthquake ground motion models, one should expect that the
seismic slope displacement models for these two types of earthquakes to
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Fig. 4. Seismic coefficient as a function of the allowable displacement and
seismic demand for ordinary and near-fault pulse motions when PGV < 115
cm/s.

differ. Macedo et al. [34] utilized 8299 two-component ground motion
recordings from 200 intraslab earthquakes with M,, from 4.0 to 7.8 to
calculate seismic slope displacements. They found there were significant
biases in the residuals from the seismic slope displacements calculated
using subduction zone interface seismic slope displacement models
when comparing them with the displacements calculated using the
intraslab earthquake records. Therefore, separate regressions were
performed on the seismic slope displacements calculated using the
interface and intraslab records.

As the two horizontal components of a ground motion record are
highly correlated, the D value assigned to each two-component ground
motion recording is the larger of the average displacement values
calculated from the record’s two polarities as was done for the shallow
crustal ground motions in the [24] study. This methodology mirrors
what is typically done in engineering practice. Over 1.5 million and 1.8
million analyses were performed using the interface and intraslab re-
cords, respectively.

A logistic regression [38] is the basis of the model to estimate P(D =
0) as a function of ky, T, and S4(1.3T,) with the resulting equation of:

P(D=0)

TD:O):CI +cylnky,+c3 (ln k,)2 +caTy Inky+csT, +csT,inSa(1.3T,)

In
12)

where c; to cg are coefficients provided in Table 2. The “nonzero”
seismic displacement equation has a similar form to that used by
Ref. [36] as follows:

inD=ay+a, Ink,+a, (ln ky)2 +as In kyInSa(1.3T) + asinSa(1.3Ty)
+as(inSa(1.5T,)* + agTy + a; (T,)* + asM + ¢ 13)

where qy to ag are model coefficients presented in Table 3, and ¢ is a
Gaussian random variable with zero mean and standard deviation of ¢ =
0.75 for the interface event and o = 0.62 for the intraslab event. The
values of the coefficients ay, ag, and a; are modeled as dependent on the
values of T; based on residual analyses. The residuals show negligible
bias and no significant trends for the seismic slope displacement models
developed for interface and intraslab earthquakes for PGV < 40 cm/s
and 20 cm/s for interface and intraslab earthquakes, respectively. The
bias in estimating seismic slope displacement using Eq. (13) can be
eliminated for cases with higher PGV values, and the overall standard
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Table 2
Coefficients for interface and intraslab earthquakes P(D = 0) equations.
Coefficient  Interface Intraslab
c1 3.46 for Ts < 0.6; 3.57 for T > 5.22 for T < 0.6; 2.92 for Ts >
0.6 0.6
[ 5.05 for Ty < 0.6; 9.39 for Ty > 6.55 for T < 0.6; 14.72 for Ty >
0.6 0.6
c3 0.15 for Ts < 0.6; 0.55 for T, > 0.43 for T; < 0.6; 2.24 for T; >
0.6 0.6
[N 1.41 for Ts < 0.6; 1.64 for Ts > 4.73 for Ts < 0.6; 5.45 for Ts >
0.6 0.6
cs —1.08 for T < 0.6; 5.37 for Ts > —0.87 for T < 0.6; 14.82 for T; >
0.6 0.6
Co —5.13 for T; < 0.6; —7.00 for T —6.50 for T; < 0.6; —8.47 for T
> 0.6 > 0.6
Table 3
Coefficients for interface and intraslab earthquakes ‘nonzero” D equations.
Coefficient  Interface Intraslab
ap —5.00 for T; < 0.1; —6.19 for Ty —4.13 for T; < 0.1; —5.27 for T
>0.1 >0.1
a; -3.18 —-2.21
as -0.35 -0.20
as 0.45 0.22
a4 2.89 2.31
as —0.14 —0.02
ac —9.46 for T; < 0.1; 2.87 for T, > —9.45 for T < 0.1; 3.63 for T; >
0.1 0.1
a; 0 for T; < 0.1; —0.86 for T; > 0.1 0 for Ty < 0.1; —1.10 for T > 0.1
ag 0.46 0.50

deviation of the interface and intraslab earthquake models can be
reduced to 0.65 and 0.53, respectively, by including PGV in a vector
hazard model [34]. The addition of PGV in the models lowers the un-
certainty of estimating seismic slope displacement given the inputs of
the model are known, but the uncertainty in estimating the additional
ground motion parameter of PGV increases the uncertainty in estimating
the inputs to the seismic slope displacement model. The overall effect on
the seismic slope displacement estimate depends on several factors,
including the uncertainty in estimating PGV, the correlation between
PGV and S4(1.3Ty), the shape of the hazard curve, and k,.

The Macedo et al. [34] interface model produces seismic slope dis-
placements consistent with the Bray et al. [36] interface earthquake
model. However, the Macedo et al. [34] intraslab model produces
significantly different results than the interface models (a comparison
with [36] interface model is shown in Fig. 5). Most of the coefficients in
the seismic slope displacement equations developed by Ref. [34] for
subduction zone interface earthquakes and intraslab earthquakes differ
significantly, which highlights the different scaling of seismic slope
displacement for these different types of earthquake sources. In addi-
tion, the standard deviation of the intraslab model is smaller than that of
the interface model.

5. Seismic slope displacement hazard
5.1. Background

The seismic slope displacement models discussed in previous sec-
tions can be used in performance-based probabilistic assessments that
capture uncertainties of the ground motion models and slope properties
(e.g., Ref. [39]; and [40]). The aleatory uncertainty in estimating the
seismic slope displacement can be captured through integration of the
distribution of the random variables in the hazard calculation. The
epistemic uncertainty of the slope properties (i.e., ky and T,) can be
addressed using logic trees. The outcome of these assessments is a
seismic slope displacement hazard curve, which relates different
displacement thresholds with their annual rate of exceedance.
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Fig. 5. Comparison of the [34] intraslab model (solid curves) with the [36] interface model (dashed curves) with variations in ky, Ts, Sa(1.3T;), PGV, and M.

Displacement hazard curves are calculated as [41]:

14)

where D represents the slope displacement, IM can be a scalar or a vector
of ground motion intensity measures (i.e., Sa(1.3Ts) or PGV), and Ap(2)
is the mean annual rate slope displacement exceeding a given threshold
2. Also, AA(IM) is the joint annual rate of occurrence of IM and P(M|IM) is
the conditional probability of M given IM, which can be estimated from a
probabilistic seismic hazard assessment (PSHA). nk, and nT; are the
number of different k, and T, values considered for the slope system to
account for the uncertainty in the slope properties. k; and T’s are the i-th
and j-th realizations of k, and T, with weighting factors w; and wj,
respectively. P(D > z|IM, M, k}i,7 ﬂ) is the conditional probability of D
exceeding z given the values of IM, M, k}i, and T, which can be estimated
as:

P(D>z) = (1 - P(D = O|IM, M, K Tf') >P(D > 2D > 0)

KT
= (1 —P(D - O\IM,M,kj.,Tg))(l — P(D < 2|D > 0))

Inz — In <1M, MK, T;')

o

- (1 7P(D - O\IM,M,k;,T;;')) 1-®
(15)

where @ is the cumulative distribution function of the standard normal

distribution and u(IM, M, k;',, Té) and ¢ are the median value and standard

deviation of D, which can be estimated using slope displacement models
given IM, M, T; and k,. P(D= 0) can be estimated using equations that
provide the probability of “zero” displacement. Note Eq. (14) can be
applied separately to different tectonic settings. For instance, when
considering the subduction interface, subduction intraslab, and shallow
crustal settings, three different annual rate of exceedance curves can be
evaluated for each tectonic setting (177, jinrastab - apq jrustaly by ysing
the corresponding deaggregated ground motion hazard, which can be

combined to estimate the total annual rate of exceedance 19 as:

total __ qinterface intraslab crustal
gl — ginerface y yinvasiab | g

16

In addition to providing the total seismic slope displacement hazard,
Equation (16) also enables deaggregation of the contribution of different
tectonic mechanisms to the total hazard, which is a feature commonly
used in PSHA. Deaggregation of the total hazard provides valuable in-
sights into assessing the seismic slope displacement hazard. For instance,
Fig. 6 shows an example of seismic hazard curves for the seismic in-
tensity parameter S, and the seismic slope displacement hazard curves
estimated by Ref. [41] for a site near Seattle, Washington with contri-
butions from subduction interface, subduction intraslab, and shallow
crustal sources. Interestingly, from the PSHA results in terms of S, shown
in Fig. 6a, it is apparent that shallow crustal sources contribute the most
to the seismic hazard. However, the seismic slope displacement hazard
curves shown in Fig. 6b show that the interface seismic sources
contribute most to the seismic slope displacement hazard. In this
example, giving more weight to shallow crustal sources in the selection
of ground motions based on the PHSA is misleading as the seismic
performance of a slope system is more directly related to seismic slope
displacement than S,. Hence, the interface seismic zone should receive
more weight.
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Fig. 6. Differences between a) spectral acceleration hazard curves at 1.5T; =
1.0 s and b) seismic slope displacement hazard curves for site near Seat-
tle, Washington.

The estimation of seismic slope displacement (D) hazard curves can
also be used to deaggregate earthquake scenarios (i.e., magnitude and
distance) that contribute the most to the D hazard. Considering a com-
bination of nM magnitudes, nR site-to-source distances, and ne epsilon
values (i.e., the number of standard deviations above the median in-
tensity measure estimate), the total number of scenarios would be
nScen = nM % nR x ne. In addition, considering nx intensity measure
levels and ny levels of D; the intensity measure hazard can be stored in a
matrix A(IMT) of size nScen by nx. For a fixed D level, ky, and T; values,
Eq. (14) can be evaluated for each ground motion scenario and intensity
measure level, resulting in a matrix PSlp, which contains the partial
annual rate of exceedance sorted by scenarios and intensity measure
values. The D hazard contribution from all intensity measure levels can
be computed by summing up all columns of PSip, resulting in a vector
Sip = [SA},...,SAmSen] this vector can be used as a proxy to perform the
deaggregation of hazard curves as follows (see Ref. [41]:

i nScen . .
DeaggD; :SAD, Z S/lf,l forj=1:ny

p=1

17

where DeaggD; contains the earthquake scenarios deaggregated for the
jth D level.

Previous studies that considered performance-based probabilistic
assessments have often focused on one tectonic setting (e.g., shallow
crustal) and considered simplified seismic sources. In contrast, the
recent developments conducted by the authors are focused on incorpo-
rating realistic seismic sources (i.e., representative of realistic project
scenarios) and multiple tectonic settings, which is a step forward in
engineering practice. In particular, the Macedo et al. [34] model for
intraslab settings has not been previously implemented within a
performance-based probabilistic framework. It is worth highlighting
that Macedo and Candia [42] modified the procedures described in this
section to estimate hazard-consistent seismic coefficients for pseudo-
static analyses. Computational tools to use these methods have been
implemented by Ref. [41] to facilitate their use in practice.

5.2. Seismic slope displacement hazard example

Consider the hypothetical 57-m high earth dam founded on bedrock
shown in Fig. 7, which is hypothetically located in the Peruvian Andes in
an area affected by earthquakes from multiple tectonic settings (i.e.,
shallow crustal and subduction zone interface and intraslab earth-
quakes). The T;, and ky, values for the dam are 0.33 s and 0.14, respec-
tively. T is estimated based on the measured shear wave velocities
considering Vs = 400 m/s and ky, is estimated using pseudo-static slope
stability analyses ([21] provide additional details). The uncertainties in
ky, and T;, which can be handled in performance-based probabilistic
assessments, have been considered through the coefficients of variations
(COV) of ky (COV = 0.25) and Ty (COV = 0.15) assuming their

10
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distributions are lognormal, with weights estimated as recommended by
Ref. [40] in which the weights of different k, values are normalized
based on their amplitudes in a lognormal distribution. A potential cor-
relation between ky and T; was not considered in this example. Addi-
tional research is required to assess potential correlations. The
assessment is performed for the critical sliding surface, which is a deep
sliding surface near the base of the dam.

The seismic slope displacement hazard assessment is conducted
using the displacement models developed by Ref. [34] for subduction
zones (considering the models with two intensity measures, i.e.,
Sa(1.3T;) and PGV) and the model developed by Ref. [36] for interface
subduction zones. In addition, the Bray and Macedo [24] displacement
model for shallow crustal earthquake zones is used. The Macedo et al.
[34] subduction interface model is weighted 0.6, whereas the Bray et al.
[36] model is weighted 0.4 for subduction interface earthquakes. The
Bray and Macedo [24] shallow crustal model and the Macedo et al. [34]
subduction intraslab model are used with a weight of 1.0 for these cases.
Only one seismic slope displacement model was considered for shallow
crustal earthquakes in this example, which is appropriate for the site in
the Peruvian Andes because its seismic hazard is governed by subduc-
tion zone earthquakes. If a significant contribution from shallow crustal
seismic sources is expected, several shallow crustal earthquake seismic
slope displacement models should be used. Additionally, several seismic
slope displacement models for subduction zone earthquakes should be
included in the hazard assessment as additional robust subduction zone
earthquake models become available.

First, a PSHA assessment is conducted, which requires different
GMM:s. Specifically, the results shown in Fig. 8a and b consider the
GMMs for Sa(1.3T;) and PGV from Kuehn et al. (2020 — KBCG), Parker
et al. (2020 — PSHAB), and Candia et al. (2020 - SiberRisk) weighted
equally in the case of subduction interface and subduction intraslab
earthquake zones; whereas the GMMs from the NGAWest2 project (i.e.,
Abrahamson et al., 2014 — ASK14; Boore et al., 2014 — BSSA14; Chiou
and Youngs. 2014 — CY14; and Campbell and Bozorgnia 2014 — CB14)
are weighted equally for shallow crustal settings. Because the seismic
slope displacement models for subduction zones use two intensity
measures (Sa(1.3T;) and PGV), their coefficient of correlation is required
to estimate their joint rate of occurrence, which is an input into the
ground motion hazard used to compute a seismic slope displacement
hazard curve. Engineers can use the coefficients of correlation in
Ref. [43] for shallow crustal settings and those in Ref. [44] for sub-
duction earthquake zones.

Uncertainties in slope properties can also be incorporated using logic
trees (e.g., Ref. [40]. This assessment considers 9 realizations for T
(0.25 5-0.41 s, with a best estimate of 0.33 s) and k, (0.11-0.18, with a
best estimate of 0.14). The considered values consider an equal partition
in the log space. The weights for each realization (i.e., 0.3, 0.4, and 0.3
for k, and T;) are assigned as per [40]; as discussed previously and are
shown in Table 4 to capture these aspects of epistemic uncertainty.

Fig. 9 shows the seismic slope displacement hazard curves developed
in this assessment. Fig. 9a shows the mean hazard curves, 5-95 per-
centiles, and individual realizations, whereas Fig. 9b shows the
displacement hazard deaggregation by tectonic settings. For this earth
dam at this site, the intraslab seismic sources largely control the seismic
slope displacement hazard. The interface seismic sources are of sec-
ondary importance, and the contribution from shallow crustal source is
less important. This example highlights the potential importance of
intraslab tectonic settings in the performance-based seismic assessments
of slope systems in similar tectonic settings.

The seismic slope displacement hazard curves shown in Fig. 9a
provide hazard-consistent estimates. One does not need to assume the
hazard level for seismic slope displacement is the same as that for a
particular ground motion intensity measure, which is an implicit
assumption often made in seismic performance assessments of slopes.
Seismic slope displacements at the 475 and 2475 years return period are
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Table 4
Performance-based probabilistic assessment of a slope system in Peru. Weights
for slope properties.

Slope Parameters

Ts ky Weight
0.248 0.105 0.09
0.248 0.140 0.12
0.248 0.175 0.09
0.330 0.105 0.12
0.330 0.140 0.16
0.330 0.175 0.12
0.413 0.105 0.09
0.413 0.140 0.12
0.413 0.175 0.09

estimated directly as 8 cm and 27 cm, respectively (Fig. 9a).

Lastly, this performance-based probabilistic procedure enables the
seismic slope displacement hazard to be deaggregated using Eq. (17).
The mean displacement hazard curve shown in Fig. 9 is deaggregated at
the 475 and 2475 year of return periods in terms of distance and
magnitude as shown in Fig. 10. The deaggregation indicates that the
displacement hazard is controlled by intraslab earthquakes with mag-
nitudes between 7.8 and 8.2 and distances between 90 and 110 km. The
deaggregation directly from the seismic slope displacement hazard
provides guidance regarding the selection of design ground motions for
this project as opposed to using the results of a PSHA based only on a
ground motion intensity measure.
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6. Conclusions

In evaluating seismic slope stability, the engineer must first deter-
mine if there are materials in the system or its foundation that will lose
significant strength due to cyclic loading. If there are materials that can
lose significant strength, post-cyclic reduced strengths should be
employed in a static slope stability analysis to calculate the post-cyclic
FS. If it is low, this issue should be the primary focus of the evaluation
because a flow slide could occur. If materials will not lose significant
strength due to cyclic loading, the deformation of the earth structure or
slope should be evaluated to assess if it is sufficient to jeopardize satis-
factory performance of the system.

A modified Newmark model with a deformable sliding mass provides
useful insights for estimating seismic slope displacement due to shear
deformation of the earth materials comprising earth dams and natural
slopes for the latter case discussed above. The critical components of a
sliding block analysis are: 1) the dynamic resistance of the structure, 2)
the earthquake ground motion, 3) the dynamic response of the potential
sliding mass, and 4) the permanent displacement calculational proced-
ure. Seismic slope displacement procedures should be evaluated in terms
of how each procedure characterizes the slope’s dynamic resistance,
earthquake ground motion, dynamic response of the system, and
calculational procedure.

The system’s dynamic resistance is captured by its yield coefficient.
This important system property depends greatly on the shear strength of
the soil along the critical sliding surface. Assessment of the dynamic
peak shear strength of a clay material requires consideration of the rate
of loading, cyclic degradation, progressive failure, and distributed shear
deformation effects. If the clay exhibits strain-softening and moderate-
to-large displacements are calculated, the k, value used in the sliding
block analysis must be compatible with the reduction in clay shear
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strength with increasing displacement.

The primary source of uncertainty in assessing the seismic perfor-
mance of an earth slope when there are no materials that can undergo
severe strength loss is the input ground motion. Recent models have
taken advantage of the wealth of strong motion records that are now
available. The Bray and Macedo and the Macedo et al. [24,34] proced-
ures are based on the results of coupled nonlinear deformable stick-slip
sliding block analyses using large databases of thousands of recorded
ground motions. Their model captures shear-induced displacement due
to sliding on a distinct plane and distributed shear shearing within the
slide mass.

The spectral acceleration of the ground beneath a potential sliding
mass at a degraded period of the sliding mass (Sq(1.3Ty)) is an optimal
ground motion intensity measure. As it only captures the intensity and
frequency content of the ground motion, M, is added as a proxy to
represent the important effect of duration. In some cases, the addition of
PGV is necessary to minimize bias and reduce the scatter in the residuals.
PGV is especially informative when applying the Bray and Macedo [24]
model to estimate seismic displacement for slopes with movement ori-
ented in the fault-normal direction in the near-fault region.
Forward-directivity velocity pulse motions tend to produce a large
seismic slope displacement in the fault normal direction, captured by
D100, which is systematically greater than the median component of
motion (D50).

The Bray and Macedo and Macedo et al. [24,34] procedures use a
mixed random variable formulation to separate the probability of “zero”
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displacement (i.e., <0.5 cm) occurring from the distribution of
“nonzero” displacement, so that very low values of calculated
displacement that are not of engineering interest do not bias the results.
The calculation of the probability of “zero” displacement occurring
provides a screening assessment of seismic performance. If the likeli-
hood of negligible displacements occurring is not high, the “nonzero”
displacement is estimated. The 16%-84% exceedance seismic displace-
ment range should be estimated as there is considerable uncertainty in
the estimate of seismic slope displacement. This displacement range is
approximately half-to-twice the median seismic displacement estimate.

These procedures provide estimates of seismic slope displacement
that are generally consistent with documented cases of earth dam and
solid-waste landfill performance for shallow crustal earthquakes and
subduction zone earthquakes. The proposed models can be used in a
deterministic analysis or they can be implemented rigorously within a
fully probabilistic framework to evaluate the seismic slope displacement
hazard. We recommend moving towards performance-based probabi-
listic approaches because they provide hazard-consistent estimates of
seismic slope displacement, which do not rely on the assumption that the
ground motion intensity measure and displacement hazard levels are
identical. This commonly held assumption is not true in many cases.
Moreover, performance-based probabilistic assessments provide a
framework for better treatment of uncertainties and can also be
extended to the estimation of seismic coefficients for pseudostatic ana-
lyses. Lastly, it is important to emphasize the estimated range of seismic
slope displacement is an index of the likely seismic performance of the
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earth slope.

The updated seismic slope displacement models discussed in this
study are provided in the form of a spreadsheet at: http://www.ce.berke
ley.edu/people/faculty/bray/research.
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