
ORIGINAL PAPER

Rock toppling failure mode influenced by local response
to earthquakes

Zelin Zhang1,2 • Tao Wang1 • Shuren Wu1 • Huiming Tang2

Received: 30 March 2015 / Accepted: 22 September 2015 / Published online: 3 October 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract Earthquake waves influence rock toppling sta-

bility, and the effects of local earthquake propagation and

topographic also affect slope deformation. Detailed engi-

neering geology conditions of slopes are obtained and a

geomechanical characterization of rock topplings is per-

formed. To study the input earthquake waves and slope

interactions, a dynamic analysis is performed using the

UDEC 4.0 discrete element method (DEM) numerical code

under viscoplastic conditions. The earthquake signals are

representative of different peak ground acceleration, Arias

intensities, and frequencies, and are used in the study of

different rock topplings with different height, slope angle,

and strata dip angle. The derived outputs are processed for

the earthquake propagation study and to assess the induced

deformation mechanisms in terms of resulting displace-

ments, plastic zone features, and deformation mode. The

results prove that an interaction exists between stratigraphic

and topographic effects on earthquake wave propagation,

and that these effects cannot be assessed independently. The

obtained results describe the effect of topography and geo-

logical settings in rock topplings, amplifying or de-ampli-

fying earthquake ground motion, and demonstrate that the

tensile state dominates at the slope surface but evolves with

depth. A shear state dominates at the toe or in the deep part of

rock topplings. The rock toppling deformation mode may

develop into a composite of tension fractures at the crest and

sliding at depth. Compared with the static scenario, under

earthquake load, tensile deformation evolves over a larger

area at the crest and develops a shear zone at the toe and in the

substrata. The necessary earthquake-induced toppling con-

ditions are discussed, and the UDEC 4.0 DEM method and

conventional pseudostatic approach are compared. This

study shows there are a broader range of deformations inside

the slope.

Keywords Toppling � Earthquake response � Peak
acceleration PGA � Discrete element method � Failure
mode

Introduction

Earthquake-induced slope instabilities are often responsible

for the greatest damage and losses during earthquakes

(Bird and Bommer 2004; Chigira et al. 2010; Bozzano

et al. 2011). Slope instabilities have been documented in

historical earthquakes such as the 1976 Friuli (Italy)

earthquake, the 1985 Chile earthquake, the 1999 Chi–Chi

(Taiwan) earthquake, and the 2008 Wenchuan (China)

earthquake. In the last few years, some specific case studies

have focused on reconstructing the mechanisms of land-

slides and deterministic prediction of earthquake-induced

ground failure scenarios (Wasowski and Del Gaudio 2000;

Martino and Mugnozza 2005; Chigira et al. 2010; Bozzano

et al. 2011; Pal et al. 2012).

Among the various possible rock slope failure mecha-

nisms, toppling is of particular interest because toppling

movements range from slow to extremely rapid (Nichol

et al. 2002). Goodman and Bray (1976) recognized three

types of toppling failures: flexural, block, and block-flex-

ural. In these three types, the main set of joints dip into the
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slope. Figure 1 illustrates the three types of toppling. A

common feature of all modes is the eventual development

of a rupture surface (Alzo’ubi et al. 2010; Zhang et al.

2015). Despite extensive studies on static toppling

(Pritchard and Savigny 1990; Alzo’ubi et al. 2010; Bobet

1999; Scholtès and Donzé 2012; Zhang et al. 2015; Moh-

taramin et al. 2014; Babiker et al. 2014), very few studies

have been done on toppling failure under dynamic loads.

Recently, possible interactions between earthquake waves

and slopes have been discussed to forecast earthquake-in-

duced slope instabilities to show how slope mechanisms

and influencing factors depend on earthquake input prop-

erties such as energy, frequency content, directivity, and

peak ground acceleration (PGA) (Ashford et al. 1997;

Rathje and Bray 2000; Saygili and Rathje 2008; Lenti and

Martino 2012, 2013; Rizzitano et al. 2014). Earthquake

propagation effects on slopes can be evaluated by engi-

neering geology models through vibration centrifuge tests,

numerical simulation, and Newmark’s method (Romeo

2000; Lenti and Martino 2012; Rizzitano et al. 2014;

Kokusho et al. 2014; Jiao et al. 2014). These studies sug-

gested that surface topography, slope height, and stratig-

raphy modify earthquake ground motion. Topplings

usually toppled progressively under static loads. The bot-

tom strata were damaged first, and formed free surfaces

that caused the overburdened strata to be dumped gradu-

ally. The extent of damage is usually focused on the slope

surface, and it is difficult to produce a wide range of

damage. But under dynamic load, with the earthquake

input, a larger range of internal slope failure may develop.

A previous study (Zhang et al. 2015) explored the evolu-

tion of topplings and discussed the plasticity zone and

failure mode in such slopes.

Although previous researchers have quantitatively or

semi-quantitatively analyzed the dynamic processes of

many landslide types, knowledge of toppling slopes is

unclear in some respects. For example, what is the rela-

tionship between the condition under which failure could

occur and the frequency range, amplitude, and direction of

earthquake waves for toppling slopes with different strata

dip angles and slope angles? What are the influences of

complex mountain massif conditions on toppling? Quan-

titative studies of these issues are seldom reported in the

current literature.

In this regard, based on the authors’ previous study in a

hydropower station (Zhang et al. 2015), the UDEC 4.0

discrete element study method (DEM; Itasca 2004) pre-

sented here is focused on interactions between earthquake

inputs and toppling slopes to evaluate the possible role of

earthquake wave propagation and to quantify the induced

deformation-failure mechanisms. The study has some

practical engineering significance as a reference for the

construction of predictive scenarios of earthquake-induced

slope movements.

Toppling

The Cihaxia hydropower station is located in a deep

valley of the Yellow River, in northeastern Qinghai-Ti-

betan Plateau, northwestern China. Under study are the

elevation of the valley floor that is about 2740–2760 m

asl and the top of the slope is at over 3090 m asl, with

relative relief of about 350 m. The left bank is a dip

slope with alternating steep and gradual steps. The gen-

eral slope angles are 45�–65�. Here, mountains are high

with outcrop. The valley is deep and V-shaped, and the

river is 100 m wide with a small number of river ter-

races. The slope strata are mainly Middle Triassic in age

(T2). The rock mass comprises alternating layers of soft

slate and hard sandstone in three combinations: (1) pale

jade-green (celadon) sandstones intercalated with gray

slates (T2 - Sl ? Ss); (2) mostly moderate thin sand-

stones with slates (T2 - Ss); and (3) gray laminar slates

intercalated with 0.5–10 cm thick, weak, and weathered

sandstone (T2 - Sl). The Triassic strata form a homocline

trending 325�–355� (average 340�) and dipping 62�–80�
(average 74�). The overlying 10–50 m strata are Pleis-

tocene (Q3
al?pl) and Holocene (Q4

col, Q4
dl) in age. The

deformed slope is 1 km long, 350–400 m high, and in the

left riverbank with reversed strata. The upper slope is at

3100 m asl with an angle of 41�–46� (locally 62�–80�).
Site investigation, exploration adit, and borehole logs

documented the presence of poorly developed joint sets

(Fig. 2; Zhang et al. 2015). Here we observed three types

of toppling.

The dip angle of the surface strata decreased with

increasing vertical elevation. Above 2950 m asl, the dip

Fig. 1 Toppling modes

observed in the field: a flexural

toppling, b block toppling,

c block-flexural toppling

(Alzo’ubi et al. 2010; Zhang

et al. 2015)
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angle is less than 30�, and strata topple severely. In the

middle part, the extent of toppling decreases with

decreasing elevation, but below 2820 m asl, it turns nor-

mal. On the crest, deep toppling tension cracking and

surface block toppling failure are dominant, whereas deep

flexural deformation and local shallow failure are dominant

in the lower slope. The contact relation between deformed

and intact strata is transitional between the flexural defor-

mation of the slate and the fracturing of the sandstone. At

the same elevation, the surface strata show severe toppling

and gradually weaken towards horizontal depth inside the

hill mass. The dip angle of the upper slope strata change

with the inward length in the adits. The dip angle is\30� or
nearly horizontal within 25 m from the entrance and less

than 50� at 60–80 m from the entrance; beyond 80–90 m

from the entrance, the dip angle increased gradually to

78�–82�. The strata incline NE facing the Yellow River as

the inward length of the adits increase. At the entrance, it is

NNW and 335�–350� at the bottom of the adits. The sur-

face strata toppled before the interior.

DEM numerical modeling and earthquake inputs

To assess earthquake propagation effects due to slopes in

terms of geometry and geologic setting, preliminary

numerical modeling was performed on 12 different slope

configurations, and different inputs were then applied to

force them toward deformation and failure processes. The

considered original slope lithology was sandstone and

slate. The generalized slope angle a = (30�, 45�, 60�), and
the strata dip angle b = (30�, 45�, 60�, 75�) (Fig. 3). These
geologic settings can be regarded as being prone to top-

pling according to a conventional finite slope model. The

earthquake inputs for numerical modeling were selected on

the basis of energy (i.e., Arias intensity) and frequency

criteria (i.e., spectral acceleration, Bray et al. 1998). Fol-

lowing a methodology in China Chinese Standard for

earthquake classification, three inputs for earthquake waves

were obtained (Fig. 4). The selection relied on the accel-

eration records of the May 12, 2008 Wenchuan earthquake

(Ms = 8.0, Fig. 4a, Arias intensity = 0.68), the April 20,

2013 Lushan earthquake (Ms = 7.0, Fig. 4b, Arias inten-

sity = 0.45) and the July 22, 2013 Minxian earthquake

(Ms = 6.6, Fig. 4c, Arias intensity = 0.28) which are

available from the China Earthquake Administration.

The selected slope configurations are named with a code

that reported the number of earthquake waves, slope angle

and the dip angle of geological strata, if present (i.e.,

Wenchuan_30_30; Lushan_45_45; Minxian_60_60, and so

forth).

The numerical analyses were performed using DEM

with UDEC 4.0 code (Itasca 2004). Because the presented

study mainly discusses the role of slope geometry and

geological setting (strata dip angle) on the interaction

between earthquake inputs and slope, no parametric study

was performed for constitutive laws and parameter values.

Viscous boundary conditions are imposed to absorb the

waves reaching the boundaries, thereby avoiding reflection

of waves back into the model (Pal et al. 2012). The lateral

boundary is assumed as a free boundary condition, and the

bottom boundary is selected as a viscous boundary condi-

tion. Boundary conditions consist of setting all displace-

ments in every direction equal to zero for the bottom and

the lateral sides of the model. Moreover, the Mohr–Cou-

lomb yield criterion (e.g., elastic-perfectly plastic behav-

ior) was used to split the strain–stress domain into two sub-

domains (linear and plastic). The physical and mechanical

Fig. 2 a Geology map of the study area; b engineering geological profile
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parameter values were obtained experimentally (Tables 1,

2; Zhang et al. 2015). A schematic illustration of the 2D

numerical models, including the monitoring layout and

boundary conditions, is shown in Fig. 5. As can be seen

from the normalized acceleration response spectra for these

baseline motions that presents key characteristics of these

ground motions (Fig. 4d), the three earthquake waves vary

within the frequency range of interest 0–10 Hz. Thus,

energy dissipation in the analyses was computed in the

system through a Rayleigh damping matrix defined as a

combination of the mass and stiffness matrices through

coefficients that depend on the modal damping ratio, add-

ing a mass-dependent term to a stiffness-dependent one in

the following form: D = aM ? bK, here, M is the mass

matrix; K is the stiffness matrix; a is a constant for the

mass damping, and b is a constant for the stiffness damp-

ing. This dissipation function implies a minimum angular

frequency (xmin) in the form: xmin = (a/b)0.5, which gives

a minimum damping (nmin) in the form: nmin = (ab)0.5

(Bozzano et al. 2011). The xmin was set equal to 2p radians

(equivalent to a frequency of 1 Hz), and the minimum

damping value nmin (equal to 1 1/[2Qmax] where Q is the

quality factor), varied as a function of the shear strain

according to the adopted dynamic behavior of the rock

mass (Lenti and Martino 2013). Acceleration peaks in the

range of 0.02–4 Hz for the three earthquakes (Fig. 4d),

which was also consistent with the grid resolution,

according to the relation f = Vs/10Dl (Kuhlemeyer and

Lysmer 1973), a 2 m square grid was used to guarantee an

accurate solution and to obtain a corresponding maximum

admissible frequency for the model, where f is the maxi-

mum admissible frequency of the model, Vs is the mini-

mum velocity of the S wave and Dl is the size of the largest
mesh of the grid. The total width and height of the mesh are

greater than twice the dimension of the slope to minimize

the effects of wave reflections from boundaries.

Earthquake response of the toppling

To evaluate the strain and deformation characteristics

induced by different earthquake inputs on the 12 slope

configurations considered here, DEM numerical modeling

using the UDEC 4.0 code (Itasca 2004) was performed

Fig. 3 Toppling configurations used for the numerical modelling
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under dynamic conditions to study earthquake response of

the topplings. The earthquake response of topplings

obtained from the performed numerical analyses can be

summarized as acceleration propagation characteristics and

displacement response features.

Acceleration propagation characteristics

of topplings

Three different natural earthquake waves were applied, as

they have different PGAs and dominant frequencies. The

Fig. 4 Input Acceleration Time-history and response spectrum

(Acceleration boundary conditions imposed at the bottom side of

the model. a Wenchuan earthquake recorded with peak value of E-W

957.7 Gal and U-P 948.1 Gal, and the epicenter distance of the station

is 18.2 km; b Lushan earthquake recorded with peak value of E-W

400.2 Gal and U-P 242.4 Gal, and the epicenter distance of the station

is 27.7 km; c Minxian earthquake recorded with peak value of E-W

49.1 Gal and U-P 19.4 Gal, and the epicenter distance of the station is

134.7 km; and d the acceleration spectrum levels)

Table 1 Discrete element simulation parameters of rock mass

Rock property Density

(kg/m3)

Bulk modulus

(GPa)

Shear modulus

(GPa)

Cohension

(MPa)

Friction

angle (�)
Tension

strength (MPa)

Dilation

angle(�)

Toppling rock 2650 3.3 1.2 0.8 36 0.07 0

Bed rock 2700 10 4.5 1.5 45 0.5 0

Table 2 Discrete element simulation parameters of joints

Structure

property

Normal stiffness

(MPa/m)

Tangential

stiffness (MPa/m)

Cohension

(MPa)

Friction angle

(�)
Tension strength

(MPa)

Dilation angle

(�)

Slate bedding 1.2 5 0.002 20 0.001 0

Superiority joint 1 4.3 0.0015 18 0.001 0

Rock toppling failure mode influenced by local response to earthquakes 1365

123



horizontal and vertical topographic propagation factors

xPGA and yPGA in the strata were evaluated using the

following equations (Bouckovalas and Papadimitriou 2005;

Rizzitano et al. 2014):

xPGA ¼ xPGAE=PGAC; ð1Þ
yPGA ¼ yPGAE=PGAC; ð2Þ

where xPGAE and yPGAE are constants for peak horizontal

(x) and vertical (y) acceleration as computed in the strata;

and PGAC is a constant for the peak acceleration of the

free-field response at the toe of the slope.

1. Horizontal and vertical acceleration propagation fac-

tors PGA increased with increasing slope height and

reached maximum values at the crest. For the case of

Wenchuan_45_45, Fig. 6 shows the results in terms of

PGA. The maximum horizontal acceleration propaga-

tion exceeds 4, and maximum vertical acceleration

propagation exceeds 3 (Fig. 6a). The horizontal accel-

eration propagation effect is slightly larger than the

vertical.

2. At the same elevation, the horizontal and vertical

acceleration propagation factors of PGA increased

from inside to the free face of the slope. For the case of

Wenchuan_45_45, the maximum horizontal accelera-

tion propagation reaches 3.8, and maximum vertical

acceleration propagation reaches 3.3 (Fig. 6b). The

horizontal acceleration propagation effect is slightly

larger than the vertical as well.

3. Moreover, for the same slope configuration the accel-

eration propagation factors PGA increased with

increasing earthquake Arias intensity. The slope

acceleration propagation effect is much more intense

for the Wenchuan Ms 8.0 earthquake (Fig. 6c).

The resulting earthquake-induced progressive failure is

correlated generally with significant variations of

earthquake propagation effects on the slopes. In elastic

wave scattering theory, the variation is caused by the input

secondary vertical (SV) wave scattering at the crest and the

decomposed congener SV wave and new P (primary) wave.

A variety of waves superimpose and form a complicated

earthquake wave field, and then cause the peak acceleration

value to increase dramatically at the crest. The slope free

face caused the incident and reflected wave superimposi-

tion, resulting in the propagation effect, and the absorption

of rock damping for the incident wave attenuated. Fig-

ure 7a shows the configuration Wenchuan_45_45 at the

slope height 80 m and 160 m acceleration became de-

propagation. Because of the strong randomness of the input

of natural earthquake waves, the acceleration propagation

factor appeared nonlinear. Moreover, the two de-propaga-

tions in the configuration Wenchuan_45_45 may be caused

by aftershocks of the Wenchuan earthquake in 60–70s

(Fig. 4a). The acceleration propagation effect has satis-

factory agreement with the shaking table test by Huang

et al. (2013).

Toppling displacement response features

1. Under the same earthquake wave, the slope horizontal

displacement (x) increased with increasing height

(Fig. 7). The x-displacement is maximum at monitor-

ing location T3; for slope configuration Wench-

uan_45_60 it exceeds 0.35 m (Fig. 7c) and for slope

configuration Wenchuan_45_30 it reaches 0.16 m

(Fig. 7a). At the same height, the x-displacement

increased as well from the interior to the slope face

(e.g., T2 to T3, T8 to T4, and T20 to T5, Figs. 5, 7).

2. Slope horizontal displacement (x) and vertical dis-

placement (y) both increased with increasing Arias

intensity (Fig. 8a). Also, Fig. 8a shows that x-dis-

placement is 9 cm and y-displacement is 16 cm for

Fig. 5 Schematic illustration of

the adopted model for the DEM

numerical analyses
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monitoring location T5 in the slope configuration

Wenchuan_45_30. In the toppling, the vertical dis-

placement is much larger than in the horizontal

displacement. This is consistent with the static state.

Toppling vertical displacement is often greater than

horizontal displacement owing to bending and defor-

mation that usually occurs under gravity. This has been

proven in previous research (Goodman and Bray 1976;

Pritchard and Savigny 1990; Nichol et al. 2002;

Alzo’ubi et al. 2010; Zhang et al. 2015).

3. The slope horizontal displacement (x) increased with

increasing strata dip angle. Figure 8b shows that the x-

displacement is 10 cm at monitoring location T5 for

slope configuration Wenchuan_45_30; for configura-

tion Wenchuan_45_60 and configuration Wench-

uan_45_75 the x-displacement is 30 cm at the same

location. Our previous study (Zhang et al. 2015) under

a static state proved that the probability of toppling

increases gradually with increasing dip angle when the

strata dip angle exceeds 45�.
4. The slope horizontal displacement (x) increased with

increasing slope angle (Fig. 8c). Moreover, Figs. 7 and

8 show that with the input earthquake loads, the slope

displacements increased gradually. This information

illustrates that with increasing earthquake motion

energy, the slope displacement accumulates gradually,

and permanent displacements occur in some parts of

the slope.

Earthquake-induced toppling failure

To analyze the toppling failure mechanism and failure

mode under different earthquake inputs for the 12 selected

slope configurations, DEM numerical modeling was per-

formed under dynamic conditions using UDEC 4.0 (Itasca

Fig. 6 Acceleration propagation effect in the slope configuration

(a with the change of height, horizontal and vertical topographic

propagation factors in the configuration Wenchuan_45_45; b in the

same height, with the change of distance to the slope free face,

horizontal and vertical topographic propagation factors in the

configuration Wenchuan_45_45; c with the change of height,

horizontal topographic propagation factors in the configuration

Wenchuan_45_45, Lushan_45_45 and Minxian_45_45. The moni-

tored points are column A and row B in Fig. 5)
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2004). In particular, the 12 slope configurations under the

Wenchuan earthquake scenario were selected for this

analysis. The input earthquake wave was applied once with

its time history.

Plastic zone characteristics

Figure 9 shows the plastic zone results obtained for the 12

slope configurations; these results indicate the tensile fail-

ure zone evolved mainly behind the crest of the slope,

deepening with increasing slope angle and strata dip angle.

From the area behind the crest to the slope face field, the

tensile state dominated. For the 45� slope angle, the tensile
state zone is smaller and occurs at the surface of the crest,

while for the 30� and 60� slope angles, the tensile state

areas range widely and produce widespread damage.

Meanwhile, a shear plasticization zone evolved at the toe

or in the deep part of the slope (Fig. 9a–l). Moreover, for

the same slope configuration, it is possible for progressive

failure to evolve.

The tensile state dominated at the surface but evolved

with increasing depth, so that the shear state dominated at

the toe or in the deep part of topplings. This indicates that

under earthquake load the topplings may exhibit both

surface dumping and deep-seated sliding. Behind the crest

of the slope, tensile failure occurs and dominates defor-

mation by bending and dumping. Moreover, from the

above analysis of acceleration propagation characteristics

and displacement features, it could be observed that top-

pling deformation decays from behind the slope crest to the

toe, and at the slope surface displacement is the highest; the

resulting earthquake-induced progressive failure is corre-

lated generally with significant variation of earthquake

propagation effects along the slope (Figs. 7, 8, 10). It

should be noted that displacement of the toppling under

earthquake load at the toe is \0.1 m, but [0.2 m at the

crest, and deformation increased with the increasing Arias

intensity. So the crest and slope surface deformation is

much more intense. The strongest Wenchuan input was

used as an example. The plasticization zones are close to

the shallow surface of the slope, because under strong

motion, the propagation effects showed mainly tensile

failure on the ground surface, and slope deformation

amplification became obvious, especially at the crest and

Fig. 7 Part monitoring location T2–T12 displacement history in the slope configuration (a slope configuration Wenchuan_45_30; b slope

configuration Wenchuan_45_45; c slope configuration Wenchuan_45_60; d slope configuration Wenchuan_45_75)
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the toe of the slope. The rock mass is relatively at a higher

strength than soil, so under earthquake motion, the plasti-

cization zones occur along the surface, possibly with some

in the flat areas. Earthquake simulation of slopes is a

complex topic, and maybe in some sense the DEM soft-

ware is not insufficient for such a difficult problem.

Earthquake-induced toppling failure mode

It can be observed in Figs. 9 and 11a–d that, for the 30�
slope angle configurations, the tensile zone evolves behind

the crest toward the slope toe, moreover, failure modes

dominate at the slope surface. For the Wenchuan_30_30

and Wenchuan_30_45 slope configurations, there is slight

deformation at the slope toe. For the Wenchuan_30_60

slope configuration, deformation occurs at the slope surface

with dumping and bending. For the Wenchuan_30_75

slope configuration, the crest area presents a wide range of

tensile states, and tensile deformation dominates.

For the 45� slope angle configurations, the tensile zone

evolves mainly on the crest and the upper part of the slope;

moreover, failure modes dominate in these locations.

Deformation is more intense than for the 30� slope angle.

For the Wenchuan_45_30 and Wenchuan_45_45 slope

configurations, deformation develops at the slope surface.

The rock layer bends and dumps toward the free face. For

the Wenchuan_45_60 and Wenchuan_45_75 slope con-

figurations, deformation dominates at the crest and is more

widespread. For the Wenchuan_45_75 slope configuration,

a shear state occurs at the toe of the slope. This configu-

ration may develop into a composite deformation mode of

tension fractures at the top and sliding at depth (Figs. 9,

11e–h).

For the 60� slope angle configurations, the tensile zone

ranges widely on the slope crest and slope surface; more-

over, tension fractures dominate as failure modes at the

crest, while the deep part has a development trend. The top

part deforms by toppling, and causes downward bending of

the rock layers toward the toe. For the[45� slope angle

configurations, deformation becomes progressively worse.

The crest dumps and deforms obviously toward the free

face in front of the slope in the Wenchuan_60_75 slope

configuration (Figs. 9, 11i–l).

These results demonstrate that earthquake-induced pro-

gressive failure in topplings is mainly controlled by topo-

graphic and geologic features.

Fig. 8 Monitoring location T5 displacement history in the slope configuration (a slope configuration different earthquake_45_45; b slope

configuration Wenchuan_45_different strata dip angle; c slope configuration Wenchuan_different slope angle_45)

Rock toppling failure mode influenced by local response to earthquakes 1369
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Discussion

Applicability

In this study we discussed stress–strain effects, PGA

propagation effects, and earthquake-induced failure modes

of topplings, from a geological engineering perspective.

The DEM (UDEC 4.0; Itasca 2004) is particularly suit-

able for simulating the response of jointed rock masses

subject to either static or dynamic loading. This study is

aimed at near-field earthquake motions. The Rayleigh

damping selected is accurate because a lateral infinite

medium was reproduced according to the quiet boundary

developed by Kuhlemeyer and Lysmer (1973), in this

assumption, fewer boundary reflections waves are gener-

ated within the model. The input natural earthquake wave

evaluated the possible role of earthquake propagation and

deformation-failure mechanisms in earthquake-induced

toppling slopes, and could be taken into account in the

construction of predictive scenarios of earthquake-induced

slope movements. Furthermore, numerical simulations

showed that the kinematic failure modes derived from

analysis of structural data and displacement patterns were

reasonable. We recognize that three inputs are not suffi-

cient for discussing such a complicated feature, as the

inputs contain different spectrum accelerations from low to

high, and inputs near the study area are difficult to obtain.

In further studies we would collect more inputs and do

Fig. 9 Plot of the plasticity-indicators for shear and tensile failure for 12 slope configurations under the Wenchuan earthquake wave

Fig. 10 Displacement contour under Wenchuan earthquake wave in slope configuration Wenchuan_45_45

1370 Z. Zhang et al.

123



more work to thoroughly analyze the subject. It must be

noted that the numerical model is simplified and conceptual

and the other joints are not considered; therefore, the

details might be different in reality. Nevertheless, the

general failure mechanism in the simulation results is not

sensitive to the input parameters, as shown by the basic

sensitivity analysis.

A case study

In general, the toppling here mainly presents flexural

deformation. But the toppling mechanism under static load

has been studied by the authors (Zhang et al. 2015), and if

the design joints intersect with the strata, it should be easy

to generate toppling. The presented numerical study here

demonstrates that toppling geometries and their strata dip

angles significantly control earthquake response and

deformation. If other joints exist, the slope is more prone to

deform along joints that intersect with the strata under

earthquake load compared with static loads.

The toppling at the Cihaxia hydropower station in

northwest China was numerically studied under the Lushan

earthquake load, based on a previous study (Zhang et al.

2015). The rock joints and strata were considered. Rock

and soil physical and mechanical parameters were obtained

experimentally (Tables 1, 2). Figure 12a shows that the

PGA at the crest reached nearly 1200 Gal, three times more

than input. Moreover, vertical displacements (y) are larger

than horizontal displacements (x), and displacements

decayed from the crest to the toe (Fig. 12b). The final

deformation in multigroup joints exhibits tension cracks at

the upper part of the slope that extend to greater depths.

The loose toppled rock mass of the slope is susceptible to

failure, and damage is greater near the surface. In the

central part, tensile failure develops only on the slope

surface. At the toe of the slope and deeper inside the slope,

a shear zone evolves (Fig. 12c, d). This suggests two

potential slip surfaces are critical to toppling failure evo-

lution: surface collapse and deep landslide. This was the

case in the slope under the modeled earthquake wave.

Swelling and bulging occur at the toe of the slope. A

rupture surface linked with tensile cracks at the trailing

edge did not form inside the slope. Under the Lushan

earthquake conditions (Ms 7.0, peak values of E-W

400.2 Gal and U-P 242.4 Gal, and acceleration frequency

spectrum 0.02–7 Hz), the slope is basically stable. On

some part of the slope surface, loose unstable rock forms

and the kinetic process presents as toppling. Compared

with the static load condition, under earthquake load, a

much greater range of tensile deformation failure evolves

at the crest and generates a shear deformation zone at the

slope toe and in the deeper part of the slope. Under these

conditions, the toppling may experience a much greater

range of toppling.

Fig. 11 Failure mode of toppling under Wenchuan earthquake wave for 12 slope configurations
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The UDEC 4.0 DEM analysis results (Itasca 2004) are in

good agreement with those available in the literature

(Bozzano et al. 2011; Pal et al. 2012) and indicate that, for

the considered amplitude and frequency values of the input

dynamic loads, the presence of bedrock mainly affects the

earthquake response of the slope, while the effect on the

horizontal topographic propagation factor is not relevant.

These results are due to the contribution of the stratigraphic

effect to propagation, which in turn depends on the ratio

between the frequency of the input dynamic load and the

natural frequency of the bedrock. Vertical displacement is

larger than horizontal displacement in topplings, in contrast

to earth slopes. As a result of the complex geologic con-

ditions, deformation in the toppling slope is mainly

dumping and bending from the crest toward the free face.

Further numerical analysis will be carried out by a more

extensive parametric study, to investigate in greater detail

the role of: (a) frequency analysis of the earthquake inputs;

(b) the fundamental resonance frequency of the toppling;

and (c) the geologic setting of the slopes determined by

considering different stratigraphic conditions.

Comparison with conventional pseudostatic

approach

The calculated seismically induced permanent displace-

ment is a useful design index to indicate potential damage

to a slope during an earthquake. Based on the Newmark

method, some in the literature studied earthquake-induced

slope displacements using simplified sliding block analyses

(Rathje and Bray 2000; Jibson 1993, 2007). A coupled

analytical model that simultaneously captures the fully

nonlinear response of the sliding mass and the nonlinear

stick–slip sliding response along the slide plane was pre-

sented by Rathje and Bray (2000). However, the afore-

mentioned sliding-block method was applicable to

rototranslational and translational landslide mechanisms

(Lenti and Martino 2013). The slope sliding displacements

were much greater than toppling displacements, and top-

pling displacements were mainly vertical. Toppling dis-

placements are complicated to calculate using the

conventional pseudostatic approach.

A block on an incline may have four different failure

modes (Fig. 13): (1) static stability; (2) downslope sliding;

(3) simultaneously toppling and sliding; and (4) rotation

and toppling. The failure mode is governed by the geom-

etry of both the block and the incline angle and by the

frictional resistance of their interface (Fig. 13). General

necessary conditions for toppling have been documented

(Goodman and Bray 1976; Sagaseta et al. 2001; Liu et al.

2008; Zhang et al. 2015).

Simple calculations and a mode chart can be used to

predict the mode of failure of a block on an incline when

subjected to a pseudostatic force (Yagoda and Hatzor

Fig. 12 Numerical simulation

results of toppling in Cihaxia

hydropower station

(a monitoring location T13

acceleration Time-history;

b part of the monitoring location

displacement history; c the

slope mode and deformation

condition; d plasticity-

indicators for shear and tensile

failure zone, the numbers in the

legend keys indicate the size of

plastic zone)
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2013). The PGA of the earthquake record is converted into

a pseudostatic horizontal force F acting at the centroid.

Four failure mode boundaries were derived: (1) between

toppling and stable modes—if d\ a ? b, the block will

topple, and if d[ a ? b, the block will not topple; (2)

between sliding and stable modes, the limiting condition

for sliding is u = a ? b; (3) between sliding and slid-

ing ? toppling modes, the limiting condition for dynamic

equilibrium is d = u; and (4) between toppling and slid-

ing ? toppling modes, tanu ¼ 3 sin d cos d�ðaþbÞ½ �þsinðaþbÞ
3 cos d cos d�ðaþbÞ½ �þcosðaþbÞ ;

any combination of these angles will determine whether the

block will topple or not.

On the basis of the aforementioned pseudostatic method,

when u = 36�–45� and the strata dip angle = 90� - d,
conditions are comparable with the failure modes in

Fig. 12: (1) if d\ a ? b, tan d = b/h = k, and tan b = F/

W = k, where k is the pseudostatic coefficient, toppling

occurred with increasing k and decreasing d; (2) toppling
also occurred with increasing strata dip angle and slope

angle a. The pseudostatic method generally provides a

conservative estimate. However, earthquake-induced top-

pling is complicated, and joint patterns significantly influ-

ence the seismic response, as they control seismic wave

polarization and ellipticity close to the main joints. The

UDEC 4.0 DEM method (Itasca 2004) used in this paper

can solve this problem. The DEM numerical simulation

results (Fig. 12) compare well with the aforementioned

pseudostatic method. The failure presents topple and slid-

ing ? toppling modes.

Several issues regarding earthquake-induced toppling

remain to be investigated. For example, the amplification

effects of inputs from an engineering seismology point of

view, as well as the calculation of earthquake-induced

toppling stability, are not explicitly described in this paper.

Conclusions

This numerical study described the influence of interac-

tions between earthquake waves and topplings on inducing

slope acceleration propagation effects and deformation

failures. Different earthquake Arias intensities, slope geo-

metric features, and stratigraphic settings were considered.

On the basis of the calculation and analysis above, the

following preliminary conclusions are reached.

1. Under strong motion, the acceleration propagation

effect of topplings can be described as follows: the

vertical and horizontal acceleration propagation factors

increased with increasing slope height, reaching max-

imum values at the crest, and the horizontal acceler-

ation propagation factor is much greater than the

vertical. At the same elevation, the horizontal and

vertical acceleration propagation factors increased

from the interior to the free face of the slope.

Moreover, for the same slope configuration, the

acceleration propagation factors increased with

increasing earthquake Arias intensity.

2. The necessary conditions for earthquake-induced top-

pling were discussed, and the UDEC 4.0 DEM method

(Itasca 2004) and a conventional pseudostatic approach

were compared. Under strong motions, the displace-

ment response inside topplings can be described as

follows: slope displacements increased with increasing

slope height and increasing distance from behind the

Fig. 13 Sign convention for

block on an inclined plane

model (Yagoda and Hatzor

2013). a General mode, and

b with pseudostatic force F. The

hinge of rotation is marked by a

star (d block aspect angle

defined by the ratio of block

width b and height h; a
inclination angle of the slope;

and u the friction angle of the

interface between slope and

block; b angle between block

self-weight W and the resultant

of force F and block self-weight

W, namely: tanb = F/W = k;

F a pseudostatic horizontal

force; k pseudostatic coefficient)
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crest area to the slope free surface. With increasing

input Arias intensity, slope displacement accumulates

gradually, and permanent displacement occurs in some

parts of the slope. Both the horizontal displacement

(x) and vertical displacement (y) increased, but vertical

displacement is greater than horizontal. Slope dis-

placement increased with increasing strata dip angle

and slope angle.

3. Under strong motions, a tensile state dominated at the

surface of the slope but evolved with increasing

depth, and a shear state dominated at the toe or in the

deep part of topplings. The earthquake response effect

also changes with the strata dip angle and slope

angle.

This study demonstrates that the progressive failure of

topplings becomes more intense with increasing slope

angle, strata dip angle, and intensity of the applied

dynamic input. Furthermore, these findings agree with the

disequilibrium conditions that could be reached according

to an ultimate-limit state criterion. Tensile failure devel-

ops at the slope surface, and a shear zone evolves at the

toe and deeper inside the slope. In this regard, the

deformation mode of topplings may develop into a com-

posite of tension fracture at the crest and sliding at depth.

Compared with the static scenario, under earthquake load,

tensile deformation evolves over a much greater area at

the crest and develops a shear zone at the toe and in the

deeper part. This causes a broader range of deformation

inside the slope.
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Sagaseta C, Sánchez JM, Cañizal J (2001) A general analytical

solution for the required anchor force in rock slopes with

toppling failure. Int J Rock Mech Min Sci 38(3):421–435

Saygili G, Rathje EM (2008) Empirical predictive models for

earthquake-induced sliding displacements of slopes. J Geotech

Geoenviron Eng ASCE 134(6):790–803
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