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ABSTRACT 
 
In this research the mechanism of rock slope failure was studied through filed investigation, 
laboratory s trength tests, a nd numerical analyses. The result of  th e f ield inve stigation and 
laboratory t ests, s uggested t hat t he os cillating b ehavior o f t he j ointed r ock s lope m ay ha ve 
been markedly amplified due to the fact that the upper part of s lope was composed of  hard 
welded t uff w ith hi gh density und erlain b y s oft pum ice t uff w ith l ow de nsity. Dynamic 
simulation of the jointed rock slope was performed, with the distinct element method in order 
to examine this hypothesis. The results of the numerical analyses indicate that stiffness of the 
jointed rock have significant bearings on the stability of rock slope subjected to seismic loads. 
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INTRODUCTION 
 
Iwate-Miyagi Nairiku Earthquake in June, 2008, caused a large number of sediment disasters 
such as the landslide, slope failure, and debris flow. Ministry of Land Infrastructure Transport 
and T ourism r eported t hat 80 pe rcent of  t he 23 m issing or  de ad pe rson, c aused b y t he 
earthquake, was due  to sediment di sasters, suggesting tha t mos t of  the  critical los ses w ere 
induced by the sediment disasters. Moreover, massive slope failures facing rivers have formed 
15 natural landslide dams which posed potential risks of dam breaks. 
 
In t his r esearch a pa rticular i nterest i s pl aced on the m echanisms of  num erous r ock slope 
failures f ound a long t he r oad a nd r ivers. Investigation c onducted b y academic s ocieties, 
government a gencies, and c onsulting f irms f ound m any rock s lope f ailures, e xhibiting a  
unique f eature, i n t hat t he uppe r l ayer c onsisted of  r igid w elded t uff w ith di stinct ve rtical 
joints, whereas the lower layer consisted of soft tuff with few joints. 
 
 
FIELD INVESTIGATION 
 
Fig.1 shows the location of investigation. Photographs 1 and 2 s how the slope failure at the 
site A  and the site B , respectively. At the s ite A , the s lope f ailure o ccurred due to t he 
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earthquake. T he di mensions of  s lope f ailure a re a bout 120 m in height a nd a bout 250m  in 
width. The upper part of the slope consists of stiff welded tuff with well-developed columnar 
joints and lower part consists of soft pumice tuff. The col lapsed rock masses were near the 
geologic boundary and the river indicated as Sanhazama River in Fig. 1. A Similar geological 
structure was discovered at the site B. In both cases, the rock mass has reached the opposite 
bank of the river. 
 
Photograph 3 shows the outcrop near the site B. Photographs 4 and 5, s how the steel wedge 
that was hammered in to the two types of rocks, in order to illustrate difference in the stiffness 
and s trengths of t he w elded t uff and pum ice t uff. T hese phot ographs s how t hat t he w edge 
could not be hammered in to the welded tuff for more than 1 cm, whereas the wedge could be 
easily hammered into the pumice tuff for more than 5 cm. The differences in the mechanical 
properties of  welded t uff a nd pum ice t uff w ere e xamined b y uni axial c ompression and 
ultrasonic tests of samples obtained from the site B. 

 
Fig.1 The location of investigation 
 

 Photograph 1 Slope failure at the site A Photograph 2 Slope failure at the site B 
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LABORATORY TEST 
 
Laboratory t ests r esults are s hown i n t able.1. T hese l aboratory t ests result shows t hat t he 
deformation property and the strength property in upper part of the slope are greatly different 
from t hose of lower part of  t he s lope. Y oung’s m odulus ( E) of  w elded t uff obt ained f rom 
uniaxial compression test was 4.3×104

 

 MPa, and it was much higher than that of pumice tuff.  
Dynamic e lastic modul us ( Ed) obt ained from ul trasonic ve locity m easurement t est s howed 
similar trends. Compressive strength of welded tuff was 96.2 MPa, and it was also higher than 
that of pumice tuff. 

The r esult of  t he f ield i nvestigation a nd l aboratory t ests, s uggested that t he os cillating 
behavior of the jointed rock slope may have been markedly amplified due to the fact that the 
upper pa rt of  s lope w as c omposed of  ha rd w elded t uff with hi gh de nsity underlain b y soft 
pumice tuff with low density. 
 
Dynamic s imulation of the  joi nted rock slope w as pe rformed, with the di stinct e lement 
method in order to examine this hypothesis. 
 
Table 1 Laboratory tests results 

Welded Tuff Tuff Pumice tuff

Unit weight γ (kN/m3) 26.7 21.7 15.7

Longitudinal wave Vp (km/sec) 4.71 2.58 1.41

Transversal wave Vs (km/sec) 2.19 1.43 0.63

Poisson's ratio νd 0.36 0.28 0.38

Dynamic modulus of elasticity Ed (MPa) 3.6×104 1.2×104 1.9×103

Unconfined compression strength σc (MPa) 96.7 14.6 2.3

Secant modulus of elasticity Es (MPa) 4.3×104 5.9×103 3.3×102

Ultrasonic wave test

Unconfined
compression test

 

Photograph 3 Outcrop nearby the site B 

Welded tuff 

Pumice tuff Photograph 4 Welded t uff. T he wedge 
penetrated less than 1 cm 
 

Photograph 5 Pumice t uff. T he w edge 
penetrated more than 5 cm 
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NUMERICAL ANALYSIS OF SLOPE FAILURE 
 
Analysis model 
 
Fig.2 shows the distinct element method (DEM) model for the dynamic simulation. In case of 
jointed r ock m asses, DEM i s ba sed on discontinuum a pproach and is t herefore s uitable t o 
simulate behaviors exhibiting large movements such as rockfall. 
 
There is no de tailed pr ofile of  t he slope, a nd t he s imilar s lope f ailure w as di scovered i n 
several sites. Hence, the simplified model was made for the dynamic simulation based on the 
simple measurement using handy laser distance meter. 
 
The m odel c onsists of the f ollowing three la yers: welded t uff, pum ice t uff, a nd t uff. The 
columnar joints were ge nerated in the front region of the welded tuff. On bot tom and both 
sides of DEM analysis model, boundary conditions are as follows:  

Bottom: Vertical: fixed boundary, Horizontal: viscous boundary 
Side: Vertical: fixed boundary, Horizontal: viscous boundary with free field 
 

All the rock mass were modeled as elastic model. In the analysis, physical properties of rock 
mass were determined from laboratory tests. The joint strength parameters were used typical 
small value given in Table 2. A Rayleigh damping was used to get more reliable results.  
 
 

 
Fig. 2 DEM model for the dynamic simulation 
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Table 2 Physical properties of rock mass and joints 

Unit weight
γ

(kN/m3)

Modulus of
Elasticity

E
(MPa)

Poisson's ratio
ν

Cohesion
c

(kPa)

Internal friction
angle
φ

(degree)

Tensile strength
σt

(kPa)

Welded Tuff 26.7 4.3×104 0.36 - - -

Pumice Tuff 15.7 3.3×102 0.38 - - -

Tuff 21.7 5.9×103 0.28 - - -

Columnar joints - - - 10 20 1  
 
Input motion 
 
There is no station that has recorded the strong motion near the targeted site. Hence, in this 
study, s trong earthquake motion in the s ite was estimated using the s tochastically s imulated 
Green's function m ethod ( Kamae et al., 1991 ). The c haracterized s ource m odel f or strong 
ground motion was generated by the waveforms inversion method (Nozu, 2008; Hata et al., 
2009

 

) that is based on the seismic slip distribution. The ground shaking characteristics in the 
site was based on the subsurface structural model by the National Research Institute for Earth 
Science and Disaster Prevention (NIED). The theoretical waveform by numerical calculation 
of strong ground motion was adopted as input earthquake motion for the DEM model. 

 
Fig. 3 The characterized source model for strong ground motion prediction 
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Fig. 4 Input earthquake motion (2E; the rock outcrop motion) 
by numerical calculation of strong ground motion 

Fig. 5 Absolute r esponse acc eleration of 
input earthquake motion 
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Analysis cases 
 
Table 3 shows the analysis cases. In case 1, we set the actual geological structure. Other cases 
were conducted in order to study the influence of the difference in geological structure upon 
slope f ailure. In case 2 , w e h ypothesized t hat both upper and l ower part of  s lope were 
composed of hard welded tuff. In case 3, we hypothesized that both upper and lower part of 
slope were composed of soft pumice tuff. 
 
Table 3 Analysis cases 

Case 1
Actual geological structure

Case 2
Hypothetical case

Case 3
Hypothetical case

Upper part Welded tuff (hard) Welded tuff (hard) Pumice tuff (soft)

Lower part Pumice tuff (soft) Welded tuff (hard) Pumice tuff (soft)

Bedrock Tuff Tuff Tuff  
 
 
Basic dynamic property 
 
In o rder t o s tudy t he ba sic d ynamic pr operty of  s lope, e igenvalue an alysis and frequency 
response analysis were conducted, using FEM model without joints. 
 
Table 4 s hows results of ei genvalue an alysis. Fig. 6 s hows r esult of  frequency r esponse 
analysis. Predominant period of case 1 (actual geological structure) appear at 0.4 seconds, 1.0 
seconds, and 2.0 seconds. On the other hand, predominant period of case 2 is shorter than 0.4 
seconds. P redominant period of  case 3 a ppear a t similar period of  the case 1.  It i s assumed 
that the slope response is amplified at 2.0 seconds therefore, due to the soft pumice tuff. 
 
Table 4 Results of eigenvalue analysis 

X Y X Y
1 0.504 1.986 251.1 9.9 0.373 0.001
2 1.059 0.945 17.9 -217.6 0.002 0.287
3 2.036 0.491 187.3 19.2 0.207 0.002
4 2.265 0.441 -71.3 -18.5 0.030 0.002
5 2.634 0.380 114.0 -91.3 0.077 0.051
6 2.764 0.362 187.1 39.6 0.207 0.010
7 3.046 0.328 -16.1 -32.8 0.002 0.007
8 3.138 0.319 30.2 -33.3 0.005 0.007

Modal participation factor Effective mass ratio
Mode Frequency

(Hz)
Period
(sec)
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Fig. 6 Result of frequency response analysis 
 
Analysis results 
 
Fig.7 s hows DEM a nalysis r esults at 20 seconds a nd 4 0 s econds. In c ase 1, t he c olumnar 
joints clearly opened after 20 seconds and the rock masses started to incline toward the river, 
followed by toppling failure, where broken rock pieces fell up t o the toe of the lower layer. 
The travel distances of the broken rock pieces were similar in the filed.  
 
In case 2, the columnar joints started to open approximately 20 seconds after the initiation of 
excitation. However, the jointed rock mass did not fail. In case 3,  while the behavior of the 
rock mass is similar to that of case 1, more rocks have fallen than in case 1. 
 
Fig.8 s hows ho rizontal di splacement t ime hi story of  t op of  the slope. The ma ximum 
displacement was about 1.0 m in case 1 a nd case 3. B y contrast the maximum displacement 
was about 0.5 m in case 2.  
 
These simulated results, such as the toppling failure and the amplitudes of the displacements, 
are thought to be consistent with the behaviors that are expected from the observation of the 
spreads of debris and joint systems. Hence, it is assumed that the slope failure is affected by 
the existence of soft pumice tuff and the columnar joints. 
 
 Case 1 

Actual geological structure 
Upper part: Welded tuff 
Lower part: Pumice tuff 

Case 2 
Hypothetical case 

Upper part: Welded tuff 
Lower part: Welded tuff 

Case 3 
Hypothetical case 

Upper part: Pumice tuff 
Lower part: Pumice tuff 
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40sec 

   

Fig. 7 DEM analysis results at 20 seconds and 40 seconds 

 
Fig. 8 Horizontal displacement time history of top of the slope 
 
 
CONCLUSIONS 
 
In this research the mechanism of rock slope failure was studied through field investigation, 
laboratory tests, and numerical analyses. The findings are described below. 
1 The laboratory test results show that the deformation property and the strength property in 

upper part of the slope are significantly different from those of lower part of the slope. 
2 Dynamic s imulation results indicated that joint system and the soft pumice tuff are major 

factors that controlled the slope failure. 
 
The results presented in this paper are at preliminary level and further research is desirable to 
improve the  reliability o f the  numerical s imulation which may be used not only to estimate 
the travel distance of the rock debris but also to design reinforcements.  
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