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ABSTRACT 

 

Newmarkian sliding rigid block methods have been common in evaluating the stability of earth slopes 

among the others, recently. In this paper, the simplified procedures and the deterministic equations 

proposed for predicting the seismic permanent displacements of slopes are investigated using the available 

case histories reported in the technical literature. Examining these procedures by a deterministic 

earthquake scenario and case histories reveals that the methods assuming decoupled action of seismic 

response and permanent displacement result in largest errors in predicting the seismic displacements 

compared with the others. Beside the rigid block models, several rigorous models such as decoupled and 

coupled procedures have been included in the evaluations. The results demonstrate that none of the 

complex models could considerably minimize the resulted errors between the predicted and observed field 

displacements. In addition, the conventional Newmark analysis results in minimal errors provided the 

corresponding earthquake record for each case history being utilized. 

 

Keywords: seismic slope displacements - conventional Newmark method - decoupled and coupled 

analyses - deterministic methods - case histories 

 

 

INTRODUCTION 

 

One of the major concerns of the performance - based geotechnical earthquake engineering is the 

evaluation of seismic permanent displacement of earth slopes. Natural slopes, earth and rockfill dams, 

landfills and man - made slopes can be categorized as earth slopes. 

 

For many years, stability of the slopes was treated pseudo - statically, which yielded a simple safety 

factor. Investigations of the slope failures occurred after earthquakes have showed that although the design 

safety factors were above one, yet the failures have happened. Accordingly, the state-of-the-art works 

have turned to performance based designs. Thereafter, considerable studies have been performed to 

develop analytical procedures including rigid block model (Newmark 1965), decoupled models (e.g., 

Makdisi & Seed 1978, Bray et al. 1998, Rathje & Bray 1999, and Baziar & Jafarian 2006) and coupled 

stick - slip models (e.g., Lin & Whitman 1983, Kramer & Smith 1997, Rathje & Bray 1999 – 2000, and 

Zania et al. 2010). Since defining the input parameters of the time consuming numerical analyses are 

difficult and expensive, simple and applicable procedures have been requested from the engineers. Hence, 

deterministic equations and simplified procedures have been developed to predict the permanent 

displacement, recently. 
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In this paper, it was attempted to investigate the common simplified procedures using the available case 

histories. In this regard, the analytical sliding rigid block analysis, deterministic rigid block displacement 

predictive equations, simplified decoupled procedures, and coupled deterministic equations are compared. 

 

 

LITERATURE REVIEW 

 

In his Rankine lecture, Newmark 1965 suggested a sliding rigid block analogy, as shown in Figure 1, to 

evaluate the permanent deformation of earth slopes. In this analogy, it is assumed that sliding mass 

behaves rigid – perfectly plastic, wherein permanent displacements initiate once seismic forces exceed the 

yield resistance of the corresponding failure plane. The pseudo - static seismic coefficient resulting in 

safety factor of one is called yield resistance. 

 

 
Figure 1. Seismic slope stability: (a) the real case; (b) sliding rigid block analogy 

 

One of the major limitations of the rigid block analogy is that the soil mass deformability has been 

excluded from the analyses. Makdisi & Seed 1978 introduced a decoupled procedure to include soil mass 

deformability. In the suggested method, the equivalent acceleration time history is computed for 

predefined slip surface. This time history is used as an input in the conventional Newmark procedure to 

get the displacements. Bray et al. 1998 investigated the available decoupled procedure for landfills 

considering severe seismic motions. Their studies revealed that magnitude of the permanent displacements 

depends on parameters such as intensity, frequency content, earthquake duration, and dynamic response of 

the structure. They concluded their study generating a displacement predictive equation. 

 

Ambraseys & Menu 1988 used the available strong ground motions to generate a family of rigid block 

predictive equations. The resulting equations were developed based on the limited data sets, wherein the 

predicted displacements displayed a large variability ( ln 1  ).Jibson 2007 repeated their work using 2270 

strong ground motions recorded during recent 30 earthquakes. The standard deviations ( ln ) for the 

produced equations were close to 1.0. 

 

Bray & Travasarou 2007 presented displacement predictive equations based on the fully coupled stick - 

slip model proposed by Rathje & Bray 2000. Number of 688 earthquake records were used in developing 

the equations. They concluded that the spectral acceleration at a degraded period of the system can be used 

as an efficient scalar intensity measure. However, this single parameter does not satisfy the sufficiency 

criterion proposed by Cornell & Luco 2001. The standard deviation for the rigid block predictive model 

was 0.66. 

 

Saygili & Rathje 2008 developed sets of rigid block predictive models using data set of 2383 motions. 

These models included scalar and vector intensity measure parameters with the aim of standard deviation 

reduction. They recommended the two parameter vector model of (PGA, PGV) and the three parameter 
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vector model of (PGA, PGV, Ia) to use as displacement predictive models. The parameters PGA, PGV, 

and Ia stand for peak ground acceleration, peak ground velocity, and Arias intensity, respectively. 

 

Reviewing the previous works shows that there are many procedures that can be used as permanent 

displacement predictors. Hence, evaluating the available displacement based methods can provide a good 

idea to decide whether the method is on safe side of the prediction or not. Accordingly, in this paper the 

available displacements predictors are evaluated using some valuable case histories of slope failures. 

 

 

AVAILABLE ANALYTICAL PROCEDURE AND DETERMINISTIC PREDICTIVE 

EQUATIONS FOR PERMANENT DISPLACEMENT 

 

In this study, most of the available and common procedures for predicting the permanent displacements 

have been investigated. Table 1 presents the available predictive equations. The parameters U , ya , 

MHEA , maxk , 5 95%D  , yk , g , M , aS , and sT  stand for predicted displacement, yield acceleration, 

maximum horizontal equivalent acceleration, maximum horizontal equivalent acceleration coefficient, 

significant duration , yield acceleration coefficient, ground gravity acceleration, earthquake magnitude, 

spectral acceleration, and predominant period of the system, respectively. 

 

In sliding rigid block Newmark analysis, specifications of the case histories are used as an input. Bray & 

Travasarou 2007, Bray et al. 1998, and Makdisi & Seed 1978 methods consider soil mass deformability in 

estimating the displacements, whereas the other methods assume sliding rigid block analogy. In examining 

the Makdisi & Seed 1978 procedure, the simplified method utilized by Travasarou 2003 is used assuming 

deep sliding. Bray et al. 1998 have prepared a set of simplified charts to estimate the magnitude of the 

displacements, which are implemented in Jibson & Jibson 2003 software. In this research, this software is 

used to get the displacements. It should be noted that the Bray & Travasarou 2007 have proposed a pair of 

predictive equations for coupled stick - slip and rigid block analyses. 

 

The equations generated by Saygili & Rathje 2008 provide scalar and vector terms. The term scalar means 

that only one parameter of the earthquake is included in the equation, whereas the term vector means that 

two or more parameters of the earthquake are considered. The equations shown in Table 1 have the lowest 

standard deviations. The coefficients of the equations can be found in Saygili & Rathje 2008. 

 

Three statistical parameters, i.e. coefficient of determination ( 2R ), root mean squared error (RMSE ), and 

mean absolute error (MAE ) have been considered for better comparisons. These parameters are defined 

as below where the unit of the RMSE  and MAE  is centimeter: 
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where  N, mX  , and pX  are number of the case histories, measured displacement, and predicted 

displacement, respectively. 

 

Table 1. Available displacement predictive deterministic models 

Proposed equation Model type Predictive model 
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AVAILABLE CASE HISTORIES 

 

Most of the available case histories including earth dams, earth slopes, and landfills have been recorded 

during Loma Perieta 1989 and Northridge 1994 earthquakes. Table 2 presents these case histories. Further 

information about these case histories can be found in Augello et al. 1995, Bray & Travasarou 2007, and 

Matasovic & Kavazanjian 2006. In all cases, the maximum observed displacement is that portion of 

displacement associated with the stick - slip type of movement. In examining the conventional Newmark 

analysis, the nearest earthquake motions were selected, as shown in Table 2, for each case. Since in some 

cases the selected motions were more than one, average of the predicted displacements was calculated as 

predicted displacement. It should be noted that in each case the peak horizontal accelerations were 

computed based on the Abrahamson & Silva 1997 and Idriss 1991 attenuation equations. The motions 

were scaled to the computed PGAs (e.g., Augello et al. 1995 and Augello 1997) and used as an input in 

conventional Newmark analysis. 
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Table 2. Available recent case histories  

Earthquake record(s) U (cm)ky Ts (s)MHA (g) EQ System Case No. 

TPF000, TPF090,5080-
270,5080-360

5 0.0370.14 0.21 NR NR Slope 1 

KIM000, KIM090 0 0.17 0.55 - NIS OVSL LF 2 
PAC175 0 0.27 0.64 0.42 NR Lopez Canyon C-A LF 3 
PAC1750 0.350.45 0.42NRLopez Canyon C-B LF 4 

SCE018, SCE288, 
SCS052, SCS142

30 0.31 0.77 0.74 NR Sunshine Canyon LF 5 

LEX000, LEX090 15 0.11 0.31 0.45 LP Lexington Dam 6 
LEX000, LEX090 48 0.14 0.33 0.59 LP Austrian Dam 7 

NWH090, NWH360, 
WPI046, WPI316 

24 0.09 0.64 0.33 NR Chiquita Canyon C LF 8 

NWH090, NWH360, 
WPI046, WPI316

30 0.1 0.64 0.33 NR Chiquita Canyon D LF 9 

The records were extracted from PEER strong ground motion database. The motions related to the Case 
No. 2 were used without scaling. 
NR: Northridge, NIS: Nisqually, LP: Loma Perieta, LF: Land fill 

 

 

 

COMPARING THE AVAILABLE DISPLACEMENT PREDICTIVE PROCEDURES ASSUMING 

AN EARTHQUAKE SCENARIO 

 

In the first step of examinations, an earthquake scenario is assumed for the direct comparison of the 

available procedures. An earthquake motion with the moment magnitude, PGA, and the epicentral 

distance of 7, 0.33g, and 5 km, respectively, is assumed. The other required parameters of the motion were 

computed using the references shown in Table 3 and the results are also cited in this table. It is assumed 

that the site is rock ( 30 760 /sV m s ). 

 

Figure 2 shows the computed rigid block displacements versus /ya PGA  in which ya  
is yield 

acceleration. This figure depicts that Jibson 2007 and Bray et al. 1998 have predicted the lower and upper 

bounds of the estimations. According to the figure, the method proposed by Bray et al. 1998 is 

considerably conservative. 

 

 

EXAMINATION OF THE AVAILABLE DISPLACEMENT PREDICTIVE PROCEDURES 

USING CASE HISTORIES 

 

Recently, several displacement predictive models have been generated by different researchers. It is 

notable that the aim of the deterministic and simplified procedures is the preliminary estimation of seismic 

permanent displacement. The equations developed based on the hypothesis of rigid block model do not 

always result in conservative estimations, especially for deep sliding case histories. In this study, however, 

the rigid block based models are used in the comparisons. Beside the deterministic equations, two 

common simplified procedures, i.e. Makdisi & Seed 1978 and Bray et al. 1998 methods are also 

considered in the comparisons. 

 

 

 

 

 



5th International Conference on Earthquake Geotechnical Engineering 

January 2011, 10-13 

Santiago, Chile 

 

 

Table 3. Computed parameters of the assumed earthquake scenario 

Parameter Reference Computed value 

Tm (s) Rathje et al. 1998 0.505 

Sa(1.5Ts) (g) Boore & Atkinson 2007 0.33 

Ia (m/s) Travasarou et al. 2003 1.07 

PGV (cm/s) Boore & Atkinson 2007 30 

PGA (g) Boore & Atkinson 2007 0.33 

 

Table 4 presents the predicted displacements for all predictive models. For the displacements predicted by 

the deterministic models ranges of displacements are presented, rather than a single value, which denote 

the mean predicted displacements   standard deviations. In Makdisi & Seed 1978 procedure, the 

mentioned ranges are associated with the range considered for assumed sliding depth and ky/kmax. In Bray 

et al. 1998 procedure, this range is associated with a standard deviation considered for MHEA. It can be 

understood from Table 4 that the Saygili & Rathje 2008 model predicts better results among the rigid 

block based deterministic procedures. Comparisons of the decoupled and coupled procedures reveal that 

Bray & Travasarou 2007 model is a conservative displacement predictor. However, comparisons of the 

results show that all models involve error due to their limitations. It should be considered that in preparing 

Table 4 all the displacements less than 0.1 cm were set zero, which is almost true assumption. 

 

Figure 2. Predicted displacement versus acceleration ratio for the assumed earthquake scenario for 

all predictive models 

 

Table 4 also presents the statistical parameters of the predicted displacements for all models. These 

parameters were computed for mean and mean   standard deviation displacements. For instance, Bray & 

Travasarou 2007’s model estimates 40 cm as a mean displacement for the Case No. 1. The displacements 

predicted by Bray et al. 1998 were computed considering mean and mean + one standard deviation 

displacements. Based on Table 4, it can be concluded that among the simplified and deterministic 

displacement predictive models Saygili & Rathje 2008 scalar model involves lower error in the case of 

mean displacements. While Bray & Travasarou 2007 deterministic coupled model stands in the second 

place in the case of minimum displacement predictions. However, Saygili & Rathje 2008 scalar model and 

Bray & Travasarou 2007 deterministic coupled model underestimate the displacements just in one case, 

i.e. Case No. 5 and No. 9, respectively. It should be noted that negative values calculated for coefficients 

of determination state that the degree of overestimation of the predicted displacements are high. 
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Table 4. Predicted and observed displacements for all case histories by different predictive models 

Uobs 

 
 

(cm) 

Conv. 
 
 

Newmark

Bray 
 &  

Travasarou
 2007 

Bray 
 

et al. 
1998 

Makdisi
& 

 Seed 
1978 

Saygili  
& 

Rathje 

2008  
(3 GM) 

Saygili  
& 

Rathje 

2008  
(2GM) 

Saygili 
 &  

Rathje 

2008 
 (1 GM) 

Jibson,
 
 

2007 

Ambraseys
 & 

Menu 
1988 

Case No.   

5 4.8-5.2 20-80 70-1006-125 2-4 2-5 8-75 4-32 16-65 1 P
re

d
ic

te
d
 d

is
p
la

c
e
m

e
n
ts

 

0 0 0 0 1-65 0 0 0 0 0 2 

0 0.4-1 0-5 0 0 0-0.3 0-0.3 0.3-3 0-1 0.5-2 3 

0 0-1 0 0 0 0 0 0-0.4 0 0-0.2 4 

30 6-12 20-70 0 0 0.3-0.8 0.4-1.3 3-26 0.5-4 3-10 5 

15 22-52 15-65 30-1100-10 7-15.5 6-18 8-73 2-17 9-36 6 

48 30-71 20-70 20-1001-30 8-17 9-26 10-95 2-16 10-38 7 

24 14-27 10-30 3-20 1-40 1-3 1-3 5-46 1.5-12.57-29 8 

30 11-23 5-20 2-15 0-10 1-2.4 1-2.5 4-36 1-10 6-23 9 

 0.53 -1.10 -3.44 -3.16 0.39 0.49 -1.23 0.40 0.06 2R   

C
o
m

p
. S

ta
tis

tic
a
l P

a
ra

m
e
te

r 

 0.72 0.61 - 0.03 0.20 0.22 0.34 0.09 0.35 2R   

 0.78 0.55 -0.49 -0.51 0.28 0.33 0.67 0.22 0.46 
2
medR  

 15.97 33.94 49.32 47.76 20.88 16.71 34.99 18.15 22.65 RM SE   

 12.31 14.64 - 23.01 19.80 20.70 19.06 22.37 18.84 RM SE   

 11.07 15.68 28.59 28.76 3.65 19.10 13.47 20.61 17.21 medRMSE  

 9.98 23.11 32.33 30.44 14.74 11.39 23.38 13.28 13.91 MAE   

 8.63 10.22 - 16.33 13.69 14.73 13.37 15.67 13.72 MA E   

 6.96 11.33 20.78 21.61 13.69 13.33 10.59 14.74 12.62 medMAE  
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In the second column from the right side of the Table 4 the results of the displacements predicted by 

conventional Newmark are presented using the strong ground motions shown in Table 2. As it is 

illustrated in Table 4, conventional Newmark approach predicts the displacements in a way that resulting 

in lower displacement prediction error. However, this approach underestimates both of the Cases No. 5 

and No. 9. These results state that conventional Newmark model predicts almost rational displacements. In 

this regard, Figure 3 demonstrates the predicted mean displacements by the analytical Newmark analysis 

versus observed displacements for all of the case histories. In this state, conventional Newmark approach 

involves the lowest prediction error. However, this approach underestimates the displacements in three 

cases. Accordingly, the use of conventional Newmark approach should be treated carefully, as it may 

provides unconservative estimates of sliding displacement. 

 

 

Figure 3. Mean predicted displacement versus observed displacement using sliding rigid block 

Newmark model for all case histories 

 

 

CONCLUSIONS 

 

In this paper, most of the available and common permanent displacements predictive models have been 

compared using the available case histories. The procedure proposed by Bray & Travasarou 2007 which 

was generated based on the fully nonlinear stick - slip analytical model proposed by Rathje & Bray 2000 

is the most rigorous procedure among the available models. Makdisi & Seed 1978 and Bray et al. 1998 

which are the common procedures used recently, have been also included in the evaluations. These 

evaluations have been performed using available case histories which include all kind of earth slopes such 

as earth dams, landfills, and natural slopes. 

 

Preliminary comparisons using a seismic scenario demonstrated that Jibson 2007 and Bray et al. 1998 

approaches predict the lower and upper bounds of the predicted displacements, respectively. 

Investigations conducted on the case histories revealed that all of the deterministic and simplified 

procedures include some kind of uncertainty and error. Results of the deterministic rigid block based 

predictive models show that Saygili & Rathje 2008 scalar model induces the lowest error in the case of 

mean predictions. While, Bray & Travasarou 2007 scalar coupled model stands in second place in the case 

of minimum predictions. 

 



5th International Conference on Earthquake Geotechnical Engineering 

January 2011, 10-13 

Santiago, Chile 

 

 

Finally, evaluations of the displacements predicted by the conventional analytical Newmark model 

illustrate that this model may estimate unconservative magnitude of displacements. However, this 

approach results in the lowest estimation error in the case of mean predictions. It should be noted that 

these results have been concluded based on the limited available case histories, and further evaluations 

should be performed using extra case histories. 
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