
Chapter 18

Predictive Models for Earthquake Response

of Clay and Sensitive Clay Slopes

Amir M. Kaynia and Gökhan Saygili

Abstract Earthquake-induced permanent displacement and shear strain are suit-

able indicators in assessing the seismic stability of slopes. In this paper, predictive

models for the permanent displacement and shear strain as functions of the char-

acteristics of the slope (e.g. factor of safety) and the ground motion (e.g. peak

ground acceleration) are proposed. The predicted models are based on numerical

simulations of seismic response of infinite slopes with realistic soil profiles and

geometry parameters. Predictive models are developed for clay and sensitive clay

slopes. A strain-softening soil model is used for sensitive clays. A comparison of

the permanent displacement and strain predictions for clay and sensitive clays

reveals that the displacement and shear strains are larger for sensitive clays for

the same slope geometry and similar earthquake loading conditions. A comparison

of the displacement predictive model with other predictive models published

recently reveals that the displacement predictions of the proposed model fall into

the low estimate bound for soft slopes and into the high estimate bound for stronger

slopes. Permanent displacements from a limited number of 2D FE analyses and

from predictive models compare well; however, the predictive model for shear

strain tends to overly estimate the shear strains. This is a typical effect of 2D

geometry, which represents a conservative situation. As the size of the slope

increases, this effect is diminished, and the 2D results tend more to the 1D results

as captured by the predictive models developed in this paper.
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18.1 Introduction

Stability evaluation of slopes under earthquake loading is an important issue in

geotechnical earthquake engineering. While slopes with low static safety margin

could fail due to moderate and large earthquakes, most slopes experience only

permanent displacements without failure. The displacements could be from a few

millimeters to as large as a few meters depending on the slope conditions and the

earthquake excitation. The seismic response of slopes is assessed using approaches

that utilize limit equilibrium methods or the Finite Element Method (FEM). The

limit equilibrium approach considers the shear stresses along a failure surface and

computes a factor of safety (FS) based on the available shear strength and the shear

stresses required for equilibrium. Failure is expected when the shear stress exceeds

the shear strength. The minimum factor of safety for a slope is estimated by trial and

error for a large number of assumed slip surfaces. Typically, the factor of safety is

assumed to be constant along the slip surface and the same factor of safety is

applied to each of the shear strength parameters (i.e., cohesion intercept and internal

friction angle). A pseudostatic slope stability analysis is a limit equilibrium analysis

that models earthquake shaking as a destabilizing horizontal static force. This

approach significantly simplifies the problem, but it is not an accurate representa-

tion of earthquake shaking. A pseudostatic analysis does not provide any informa-

tion about consequences when the pseudostatic factor of safety is less than unity.

Even if the pseudostatic factor of safety is less than 1.0, the slope may have limited

deformation and acceptable performance because the shear strength is exceeded

only during short time intervals by the earthquake loading.

If, on the other hand, one uses the FEM to evaluate the stability of a slope, one

does not need to make prior assumptions regarding the location of the critical slip

surface. A dynamic FEM captures the entire nonlinear stress-strain-strength prop-

erties of the soil, and computes the deformation patterns throughout the slope under

the earthquake excitation. However, robust nonlinear stress-strain-strength models

of the soil are required to produce reliable numerical results.

A simple model used in slope response analysis is the Sliding Block model that

was originally proposed by Newmark (1965). This model acknowledges that the

horizontal force induced by earthquake shaking is variable and earthquake shaking

could impart a destabilizing force sufficient to reduce temporarily the factor of

safety of a slope below 1.0. This type of analysis attempts to quantify the sliding

displacement of a sliding mass during these instances of instability. The original

Newmark procedure models the sliding mass as a rigid block and utilizes two

parameters: the yield acceleration and the acceleration-time history of the rigid

foundation beneath the sliding mass. A sliding episode begins when the accelera-

tion exceeds the yield acceleration and continues until the velocity of the sliding

block and foundation again coincide. The relative velocity between the rigid block

and its foundation is integrated to calculate the relative sliding displacement for

each sliding episode, and the sum of the displacements in these episodes represents

the cumulative sliding displacement. The original rigid sliding block procedure is
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applicable to thin, veneer slope failures. This failure mode is common in natural

slopes, while deeper sliding surfaces are common in engineered earth structures.

The magnitude of sliding displacement is strongly affected by the characteristics of

the earthquake ground motion (i.e., intensity, frequency content, duration). Many

researchers have proposed models that predict rigid block sliding displacement as a

function of ground motion parameters. Permanent sliding displacements are gen-

erally used to evaluate the seismic stability of earth slopes such that different

displacement levels represent different levels of landslide hazard (e.g. very low

landslide hazard when D< 5 cm).

Biscontin et al. (2004) described three scenarios for earthquake-induced slides;

(i) slope failure occurs during earthquake, (ii) post-earthquake slope failure occurs

due to pore pressure redistribution, and (iii) post-earthquake failure occurs due to

creep effects. The last scenario requires that significant cyclic shear strains take

place during the earthquake shaking. Nadim and Kalsnes (1997) presented labora-

tory test results on Norwegian marine clays that revealed that if the earthquake-

induced cyclic shear strains are large, slopes can undergo further creep displace-

ments after the earthquake and experience a significant reduction of static shear

strength. It was observed that creep strains and reduction of static shear strength

become significant when the earthquake-induced cyclic shear strains exceed 1–2 %.

Andersen (2009) showed that a slope subjected to large cyclic loading could

experience delayed failure due to undrained creep. By using lab test data, he

demonstrated that the permanent shear strain is a key parameter that governs this

form of failure in slopes. The data and procedure by Andersen (2009) was used by

Johansson et al. (2013) in the evaluation of the effect of blast vibrations on the

stability of quick clay slopes.

This paper proposes predictive models for the permanent displacement and shear

strain as functions of the characteristics of the slope (e.g. factor of safety) and the

ground motion (e.g. peak ground acceleration). The database used for this purpose

was obtained from numerical simulations of 1D slopes with different soil and

geometry parameters under different levels of earthquake shaking. The predictive

models were developed by using realistic parameters for clay and sensitive clay

(sometimes referred to as quick clay). A strain-softening soil model was used for

sensitive clays. The results are compared with the sliding-block-based predictive

models available in the literature and with a limited number of 2D FEM results.

18.2 Review of Existing Predictive Models

Earthquake-induced displacement is the parameter most often used in assessing the

seismic stability of slopes. Various researchers have proposed equations based on

the sliding block model that predict the slope displacement as functions of ground
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motion parameters and slope characteristics. Bray et al. (1998) developed a predic-

tion model for solid-waste landfills using wave propagation results in equivalent

1�D slide masses. The model is a function of the amplitude of shaking in the

sliding mass, yield acceleration, and significant duration of shaking. More recent

researches have used larger ground motion datasets to develop displacement pre-

dictive models and have developed better estimates of the variability in the pre-

dictions. Watson-Lamprey and Abrahamson (2006) developed a model using a

large dataset consisting of 6,158 recordings scaled with seven different scale factors

and computed for three values of yield acceleration. Their displacement model is a

function of various parameters including PGA, spectral acceleration at a period of

1 s (Sa,T¼1s), root mean square acceleration (ARMS), yield acceleration, and the

duration for which the acceleration-time history is greater than the yield accelera-

tion (Durky).

Jibson (2007) developed predictive models for rigid block displacements using

2,270 strong motion recordings from 30 earthquakes. A total of 875 values of

calculated displacement, evenly distributed between four values of yield acceler-

ation, were used. The models have been developed as functions of (i) ky/PGA

(called the critical acceleration ratio), (ii) ky/PGA and earthquake magnitude (M),

(iii) yield acceleration and Arias Intensity, and (iv) ky/PGA and Arias Intensity.

Bray and Travasarou (2007) presented a predictive relationship for earthquake-

induced displacements of rigid and deformable slopes. Displacements were calcu-

lated using the equivalent-linear, fully-coupled, stick-slip sliding model of Rathje

and Bray (1999, 2000). A set of 688 earthquake records (2 orthogonal components

per record) obtained from 41 earthquakes were used to compute displacements for

ten values of ky and eight site geometries (i.e., fundamental site periods, Ts). the

displacements for the two components of orthogonal motion were averaged and

values less than 1 cm were set equal to zero because they were assumed to be of no

engineering significance. The model input parameters include yield acceleration,

the initial fundamental period of the sliding mass (Ts), the magnitude of the

earthquake (M), and the spectral acceleration at a period equal to 1.5Ts, called

Sa,T¼1.5Ts

Rathje and Saygili (2009) and Saygili and Rathje (2008) presented empirical

predictive models for rigid block sliding displacements. These models were devel-

oped using displacements calculated from over 2,000 acceleration time histories.

The considered various single ground motion parameters and vectors of ground

motion parameters to predict the sliding displacement. The scalar model presented

by Rathje and Saygili (2009) predicts sliding displacement based on the parameters

PGA, M, and ky, and the vector model presented by Saygili and Rathje (2008)

predicts sliding displacement based on PGA, PGV, M, and ky. Table 18.1 summa-

rizes the parameters used in the above predictive models.
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18.3 Description of Simulations

18.3.1 Computational Model

The predictive models proposed in this paper are based on a database of

numerically-computed responses of slopes due to earthquake loading. To this

end, infinite slopes with realistic soil profiles were considered. The computer

code QUIVER_slope (Kaynia 2011) was used for simulating one-dimesional seis-

mic response of the slopes. The code is based on a simple nonlinear model

consisting of a visco-elastic linear loading/unloading response together with strain

softening and a kinematic hardening yield function post peak strength. The model is

implemented in a one-dimensional slope consisting of soil layers with infinite

lateral extensions under vertically propagating shear waves. The strain softening

turns out to have a considerable impact on the nonlinear response of the soil once

the soil reaches the peak shear strength. The advantage of QUIVER over other 1D

codes is the inclusion of strain softening in the nonlinear soil model.

The earthquake input is defined in the form of an acceleration-time history on the

half-space outcrop at the base of the model. The computational model is based on

FEM using a unit soil column. Each layer is replaced by a nonlinear spring and

viscous dashpot. The masses are lumped at the layer interfaces. Each layer is

characterized by the following parameters:

Table 18.1 Displacement predictive models and their parameters

Model Parameters

Bray et al. (1998) D5–95¼ significant duration of shaking in seconds

ky¼ yield acceleration

kmax¼ peak demand (acceleration) coefficient

Watson-Lamprey and

Abrahamson (2006)

PGA¼ peak ground acceleration

Sa,T¼1s¼ spectral acceleration at a period of 1 s (SaT¼ 1 s)

ARMS¼ root mean square acceleration

ky¼ yield acceleration

Durky¼ duration for which the acceleration-time history is greater

than the yield acceleration

Jibson (2007) Model 1: ky/PGA¼ critical acceleration ratio

Model 2: ky/PGA, M

Model 3: ky and Ia (Arias intensity)

Model 4: ky/PGA, Ia
Bray and Travasarou (2007) ky¼ yield acceleration

Ts¼ initial fundamental period of the sliding mass

M¼ earthquake magnitude

Sa,T¼1.5Ts¼ Spectral acceleration at a period equal to 1.5Ts

Rathje and Saygili (2009) Scalar Model: PGA, ky, M

Vector Model: PGA, PGV, ky, MSaygili and Rathje (2008)

18 Predictive Models for Earthquake Response of Clay and Sensitive Clay Slopes 561



• Thickness, h

• Total unit weight, γ
• Viscous damping ratio, D

• Peak shear strength, τ1, residual shear strength, τr¼ τ3, and intermediate shear

stress point on the strain softening branch, τ2 (Fig. 18.1)
• Shear modulus of the loading/unloading response, G1, together with the shear

moduli of the strain softening branches, G2 and G3 (Fig. 18.1); alternatively, the

shear strains corresponding to the three shear stresses in Fig. 18.1.

Damping in the loading/unloading cycles is simulated by the Rayleigh damping

(e.g. Chopra, 2001) which is defined as C¼ α M+ β K where M and K are the mass

and stiffness matrices.

A model with N soil layers over a half space contains N + 1 degrees of freedom

corresponding to the displacements at the soil interfaces. The differential equation

of motion of this model is given by:

M €U þ C _U þ K _U ¼ �M If g €ug tð Þ ð18:1Þ

where M, K and C are the mass, stiffness and damping matrices of the system, U is

the vector of displacements at layer interfaces relative to the base, and €ug (t) is the
earthquake acceleration on the half-space outcrop. The symbol {I} denotes a vector

of N + 1 unit values. The equations of motion were solved by the constant acceler-

ation method which is an implicit and unconditionally stable integration algorithm

(e.g. Chopra 2001).

18.3.2 Model Parameters

The analyses included two different clay types, sensitive and ordinary clays. As

shown in Fig. 18.1, a strain-softening soil model was used for the sensitive clay.

The normalized small-strain shear modulus (Gmax/Su
DSS) for clay was established

as a function of plasticity index (Ip) using (18.2) based on the lab test data presented

Fig. 18.1 Parameters of

strain-softening soil model
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by Andersen (2004). The soil parameters used in the analyses are summarized in

Table 18.2.

Gmax

sDSSu

¼ 325þ 55

Ip
100

� �2
ð18:2Þ

It is admitted that the results of this study (especially those for the sensitive clay)

are dependent on the selected soil parameters. Nevertheless, it is believed that these

results provide a step in the right direction in the development of more reliable

predictive equations.

A normally consolidated soil profile with a normalized direct simple shear

strength value su
DSS/ σ’v¼ 0.21 (with σ’v being the effective vertical stress) was

used for the analyses. To account for the increased strength under dynamic loading,

a strain rate factor of 1.4 was applied to the static shear strength (Lunne and

Andersen 2007). To capture the variation in the slope angle and soil profiles, the

analyses were conducted for slope angles of 3�, 6�, 9�, and 12� and for soil profile

depths of 40 m, 70 m, and 100 m. The numerical analyses were carried out for five

earthquake strong motions records using PGA levels ranging from 0.05 g to 0.40 g

(next section). Totally, 315 QUIVER analyses were performed for sensitive clay

slopes and 515 analyses were conducted for clay slopes.

18.4 Selection and Scaling of Acceleration Time Histories

The acceleration response spectrum used in Norway for rock (ground type A

according to Eurocode 8 terminology) was used as the target spectrum. The

spectrum is shown in Fig. 18.2 for PGA¼ 0.05 g. The spectrum follows the

standard parameterized form in Eurocode 8. Pacific Earthquake Engineering

Research (PEER) Ground Motion Database Web Application (PGMD) was used

for the selection of the best matching earthquake strong motion records. PGMD

allows the user to select recordings for which the geometric mean of the two

horizontal components provides a good match to the target spectrum. The quanti-

tative measure of the ‘good match’ of the motion with respect to the target spectrum

is evaluated by Mean Squared Error (MSE) of the difference between the spectral

accelerations of the record and the target spectrum. Scale factors are applied to

reduce the MSE over the period range of interest. The scaling factor is applied to the

Table 18.2 Model

parameters for sensitive

clays and clays

Parameter Sensitive clay Clay

Gmax/Su
DSS 900 900–1700

τ2/τ1 at 5 % shear strain 0.9 1.0

τ3/τ1 at 50 % shear strain 0.5 1.0
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geometric mean of two horizontal components so the same scale factor is applied

over the two components for the same strong motion data.

Five horizontal components of recorded earthquake strong motions from the

PEER Center strong motion database (PEER 2011) were selected as seed motions,

and they were scaled to the horizontal target spectrum. Table 18.3 summarizes the

relevant parameters of the selected seed motions. The scaling factors used for these

motions are also presented in Table 18.3. The response spectra of the scaled time

histories and the target spectrum are plotted in Fig. 18.2.

18.5 Development of Predictive Models

The two parameters, PGA and yield acceleration, have commonly been used in the

earlier predictive models based on the sliding-block concept. These parameters give

measures of the driving force and resistance, respectively. While PGA on bedrock
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Fig. 18.2 Target acceleration spectrum corresponding to PGA¼ 0.05 g and response spectra of

scaled acceleration time histories

Table 18.3 Main parameters of selected recorded motions

Earthquake Designation Magnitude

Depth

(km)

Epicentral distance

(km)

PGA

(g)

Scale

factor

Imperial valley

1979

VCT-075 6.53 10.0 43.90 0.14 0.437

Baja border 2002 2027b360 5.31 7.0 55.40 0.06 0.953

Morgan hill 1984 G02090 6.19 8.5 38.10 0.19 0.366

Parkfield 1966 C08320 6.19 10.0 34.01 0.26 0.242

Chi-Chi 1999 TTN051-E 6.20 18.0 49.99 0.07 0.766
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has a clear role in sliding block models, it loses its significance in realistic soil

profiles. A more representative parameter for the driving force is the peak acceler-

ation on the ground surface that relates closely to the destabilizing force on the

slope mass. The yield acceleration is closely related to the factor of safety, FS, and

hence was replaced by this parameter in the present study. The advantage of using

FS in the predictive equations is that one could readily extend the equations derived

from the 1D analyses to more general 2D and 3D geometries. A limited number of

2D seismic slope analyses are used in this paper to test the validity of this idea. In

applying the presented predictive equations, the value of FS should be computed by

using the peak shear strength applicable to earthquake loading, for example after it

is increased to account for the rate effect.

The existing predictive models give only estimates of the slope displacements.

The underlying assumption is that if the computed displacement is larger than a

threshold value (typically in the range 5-15 cm), the slope is considered to fail. As

pointed out earlier, permanent shear strain is a more robust indicator of slope

stability as compared to sliding displacement. Laboratory test data could then be

used to establish the threshold shear strain for initiation of soil failure. While in clay

the threshold can be as large as 15 %, for sensitive and quick clay the value is much

smaller due to the possibility of undrained creep failure (e.g. Andersen 2009).

18.5.1 Permanent Slope Displacement in Sensitive Clay

Figure 18.3a, b show the computed permanent displacements as a function of the

computed peak acceleration on the ground surface with different labels for slope

angles and for earthquake strong motion records, respectively. Figure 18.4a, b show

the histograms of the computed displacements and the peak acceleration on the

ground surface from 315 seismic response analyses for sensitive clay slopes.

Equation 18.3 shows the functional form of the predictive model. In this

equation, amax is the peak acceleration on the ground surface in g, and D is the

permanent displacement in cm. The standard deviation (σlnD) for the best fit

predictive model is 1.15. Figure 18.5 shows the prediction of the model for different

slope angles.

lnD ¼ 5:89þ 2:65 ln amaxð Þ � 0:51 FS� 0:4 FS� 3:11ð Þ
ln amaxð Þ þ 1:4ð Þ ð18:3Þ

18.5.2 Permanent Slope Displacement in Clay

Figure 18.6a, b show the computed permanent displacements as function of the

computed peak acceleration on the ground surface with different labels for slope

angles and for earthquake strong motion records, respectively. Figures 18.6a and
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18.7b show the histograms of the computed permanent displacements and the peak

acceleration on ground surface from 515 seismic response analyses for clay slopes.

Equation 18.4 shows the functional form of the predictive model. The standard

deviation (σlnD) for the best fit predictive model is 0.97. Figure 18.8 displays the

prediction of the model for different slope angles.

lnD ¼ 5:65þ 2:57 ln amaxð Þ � 0:50 FS� 0:3 FS� 2:96ð Þ
ln amaxð Þ þ 1:3ð Þ ð18:4Þ
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with labels (a) for slopes angles, and (b) for selected acceleration-time histories (GM stands for

Ground Motion)
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18.5.3 Permanent Shear Strain in Sensitive Clay

Figure 18.9a, b display the computed permanent shear strains as function of the

computed peak acceleration on the ground surface with different labels for slope

angles and for earthquake strong motion records, respectively. Figure 18.10a, b

present the histograms of the permanent strains and the peak acceleration on ground

surface for 315 seismic slope response analyses for sensitive clay.

Equation 18.5 expresses the functional form of the predictive model. The

standard deviation (σlnS) for the best fit predictive model is 1.19. In this equation,

S is the permanent shear strain in percent, and amax is the peak acceleration (in g) on
the ground surface. Figure 18.11 shows the prediction of the model for different

slope angles.

lnS ¼ 5:75� 0:52 FSþ 2:77 ln amaxð Þ þ 0:076 FS ln amaxð Þ ð18:5Þ
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Fig. 18.4 Histograms of (a) permanent displacement, and (b) peak acceleration on ground surface

in sensitive clay
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18.5.4 Permanent Shear Strain in Clay

Figure 18.12a, b present the computed permanent shear strains as function of the

computed peak acceleration on the ground surface with different labels for slope
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angles and for earthquake strong motion records. Figure 18.13a, b show the histo-

grams of the permanent strain and the peak acceleration on ground surface out of

515 seismic slope response analyses for clay slopes.

Equation 18.6 gives the functional form of the predictive model. The standard

deviation (σlnS) for the best fit predictive model is 0.92. Figure 18.14 shows the

prediction of the model for different slope angles.

lnS ¼ 4:15� 0:30 FSþ 2:06 ln amaxð Þ þ 0:16 FS ln amaxð Þ ð18:6Þ
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18.5.5 Comparisons of Displacement and Strain Predictions
for Clay and Sensitive Clay

Figure 18.15 presents a comparison of the displacement predictions for clay and

sensitive clay. Figure 18.16 shows a comparison of the permanent shear strain

predictions for ordinary and sensitive clays. As expected, for the same slope

geometry and similar earthquake loading, the displacements and shear strains are

larger for the sensitive clay.
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Fig. 18.8 Displacement predictions of model for clay slopes for (a) all displacement levels, and

(b) zoomed-in region for D< 15 cm
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18.6 Comparison with Other Predictive Models

for Displacement

Figure 18.17 presents a comparison of several predictive models (namely, Watson-

Lamprey and Abrahamson 2006; Bray and Travasarou 2007, the Jibson 2007 ky/
PGA model, the Rathje and Saygili 2009 scalar (PGA, M ) model and the Saygili

and Rathje 2008 vector (PGA, PGV) model) for a deterministic earthquake scenario

ofMw¼ 7.5 and R¼ 5 km for a shallow, rigid sliding mass, and rock site conditions

(Vs30> 760 m/s). The predicted ground motion parameters for each scenario are

listed in the figure. The values of PGA and SaT¼1s are from Boore and Atkinson
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Fig. 18.9 Permanent shear strain versus peak acceleration on ground surface for sensitive clay,

with labels (a) for slopes angles, and (b) for selected acceleration time histories
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(2008), Ia is from Travasarou et al. (2003), Tm is from Rathje et al. (2004), andD5–95

is from Abrahamson and Silva (1997). Even though these models were developed

using large datasets and rigorous regression techniques, there is more than a

magnitude difference in the final predictions. The Bray et al. (1998) model predicts

the largest displacement, the Watson-Lamprey and Abrahamson (2006) model

predicts the smallest, and the other models fall in between. As shown in the figure,

the displacement predictions of the proposed model fall into the low estimate bound

for less stable slopes (e.g. ky¼ 0.05–0.10 g) and into the high estimate bound for

more stable slopes (ky¼ 0.20–0.25 g). The proposed model uses the maximum

acceleration on the ground surface whereas the other models use PGA in the

equations. It should be noted that Jibson (2007), Bray and Travasarou (2007),

Rathje and Saygili (2009) and the proposed model each use only one ground motion

parameter (PGA), while Saygili and Rathje (2008) and Bray et. al. (1998) use two

ground motion parameters, and the Watson-Lamprey and Abrahamson (2006)

model uses four parameters (PGA, ARMS, SaT¼1s, and Durky).
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Fig. 18.10 Histograms of (a) permanent shear strain, and (b) peak acceleration on ground surface

for sensitive clay
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Fig. 18.11 Shear strain predictions of model for sensitive clay for (a) all strain levels, and

(b) zoomed-in region for S< 10 %
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18.7 Comparison of Displacement Predictions with 2D

FEM Results

The predictive models were developed from a database of numerically computed

response parameters using 1D earthquake analyses. The factor of safety, FS, was

used in the predictive equations with the intention that these equations could be

applied to more general soil types and slope geometries. A natural step along this

line is to test the performance of the developed models in a two-dimensional

geometry. To this end, a number of simple 2D slope models with normally-
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Fig. 18.12 Permanent shear strain versus peak acceleration on ground surface with labels for clay

slopes (a) for slope angles, and (b) for selected acceleration time histories
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consolidated clay were constructed and were excited by earthquake at their bases.

The permanent displacements and permanent shear strains in these slopes were

computed at the end of the shaking and were compared with the predictions from

the developed equations. The analyses were carried out with the FE software Plaxis.

Figure 18.18 displays part of the slope model used in the analyses together with

its FE mesh. The model is 75 m deep on the downslope side and 110 m deep on the

upslope side. The slope was placed in two series of analyses such that their factors
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Fig. 18.13 Histograms of (a) permanent shear strain and (b) peak acceleration on ground surface

in clay slopes
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Fig. 18.14 Permanent shear strain predictions of model for clay slopes for (a) all strains levels,

and (b) zoomed-in region for S< 10 %
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0

5

10

15

20

25

30

35

40

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Pe
rm

an
en

t s
tr

ai
n 

(%
)

Peak accelera�on on ground surface (g)

Quick clay angle=12

Quick clay angle=9

Quick clay angle=6

Quick clay angle=3

Ordinary clay angle=12

Ordinary clay angle=9

Ordinary clay angle=6

Ordinary clay angle=3

Fig. 18.16 Shear strain predictions for clay and sensitive clay

578 A.M. Kaynia and G. Saygili



0.1

1.0

10.0

100.0

1000.0

0.05 0.1 0.15 0.2 0.25

Sl
id

in
g 

D
is

pl
ac

em
en

t (
cm

)

Slope yield acceleration (g)

Bray and Travasarou (2007)

Magnitude=7.5

Jibson (2007)

Watson-Lamprey and Abrahamson (2006)

Rathje and Saygili (2009) 1GM (PGA, M) Model

Saygili and Rathje (2008) 2GM (PGA, PGV) Model

Bray et. al. (1998)

Best Fit - Ordinary Clay 

Distance=5 km
PGA= 0.35 g
Sa(T=1s)= 0.28 g
Ia = 1.67 m/s

Tm =0.49 s

PGV=42.0 cm/s
D5-95 = 20.1 s

Fig. 18.17 Comparisons of predictive models for sliding displacement for a deterministic sce-

nario of Mw¼ 7.5 and R¼ 5 km

Fig. 18.18 Two-dimensional FE model, mesh detail and monitoring points on ground surface

18 Predictive Models for Earthquake Response of Clay and Sensitive Clay Slopes 579



of safety, SF, were 1.2 and 1.5. Because the peak accelerations and permanent

displacements vary on the ground surface, seven monitoring points (points B to H,

as shown in Fig. 18.18), were placed on the ground surface. The slopes were excited

by acceleration time histories with PGA varying from 0.05 g to 0.40 g on the

bedrock (base of the model, point A in Fig. 18.18). The values of the peak

accelerations and permanent displacements at the monitoring points were deter-

mined from the FE analyses and were averaged. For the permanent shear strain, the

maximum value was determined from each analyses.

Figure 18.19a, b present typical results of the FE analyses for the case FS¼ 1.2

due to an earthquake with PGA¼ 0.4 g. Figure 18.19a displays the contours of

permanent slope displacements. The displacement values range from 0.0 to 1.3 m.

Figure 18.19b displays the contours of the permanent shear strains. The values

range from 0.0 to about 10 % at the toe of the slope.

Figure 18.20 compares the results of the 2D FE analyses with the predictive

models developed in this paper. The figures show the comparison of both the

permanent displacements and permanent shear strains. For the former parameter,

both the average 2D results and the maximum values are plotted. For the latter

parameter, the maximum permanent strains from the 2D model are plotted together

double the strains. The reason for this is that the shear strain is more sensitive to the

FE mesh size, and there is a tendency that the maximum strain increases, as the

mesh is refined. The results in both cases show fairly good agreement with those

from the predictive models.

Fig. 18.19 Results of 2D FE analyses for slope with FS¼ 1.2 and PGA¼ 0.4 g: (a) permanent

horizontal displacements with maximum value about 1.3 m, (b) permanent shear strains with

maximum value 10 %
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Fig. 18.20 Results from 2D FEM for FS¼ 1.2 versus best fit predictions, (a) permanent displace-

ments, (b) permanent shear strains
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Fig. 18.21 Results from 2D FEM for FS¼ 1.5 versus best fit predictions, (a) permanent displace-

ments, (b) permanent shear strains
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Figure 18.21 presents similar comparisons for the case FS¼ 1.5. While com-

parison of the displacements by the FE model and predictive model is satisfactory,

the predictive model for shear strain tends to overly estimate the shear strains. This

is a typical effect of 2D geometry which represents a conservative situation

compared to a 1D idealization. As the size of the slope increases, this effect is

diminished, and the 2D results tend more to the 1D results as captured by the

predictive models developed in this paper.
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