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Abstract

Numerical analysis methods are considered very important in the field of geotechnical engineering, particularly in the area of
disaster prevention. Discontinuous Deformation Analysis (DDA) is a type of discontinuous numerical analysis method that is
frequently used in this topic. Since most geotechnical engineering problems are three-dimensional, Two-Dimensional Discontinuous
Deformation Analysis (2D DDA) computations have exhibited limited accuracy. In order to simulate three-dimensional block
behavior more accurately, the Three-Dimensional Discontinuous Deformation Analysis (3D DDA) theory for blocks with general
shape was developed. This paper describes the basic principles of 3D DDA, and goes a step further by developing a new 3D DDA
method. This new 3D DDA method proposed by authors is applied to an actual example site. In order to demonstrate the capability of
this new method in the numerical analysis of discontinuous rock masses, the simulation results were compared and examined with
the actual monitoring of the displacement behavior proceeding that led to the failure at the field site. The results show the
applicability of 3D DDA in determining the deformation and failure mechanisms of rock masses. 
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1. Introduction

Numerical analysis methods are considered very important in

the field of geotechnical engineering, particularly in the area of

disaster prevention. In recent years, many researchers have

focused on the development and application of numerical

analysis methods in this subject, due to the advancement of

computer science. Rock masses in nature contain numerous

discontinuities such as joints, cleavages, cracks, bedding planes,

fissures, schistosities, and faults. In general, the size of

discontinuities can vary from a few centimeters to many meters.

Therefore, the behavior of structures in rock masses is mainly

controlled by numerous discontinuities (Ohnishi, 1999; Hwang

et al., 2002; Ohnishi, 2002; Hwang, 2003; Hwang and Ohnishi,

2003; Hwang et al., 2003; Hwang, 2004; Hwang et al., 2004).

Discontinuous Deformation Analysis (DDA) has been

developed by the authors to simulate the behavior of rock

masses with distinct discontinuities. This method is premised on

the following concepts: (1) The principle of minimum total

potential energy is applied, thus resulting in which leads to an

unique solution, as is the case of FEM. (2) Dynamic and static

problems can be solved using the same formula. (3) Any

constitutive law can be incorporated. (4) Any contact criteria (e.g.,

Mohr-Coulomb criteria), boundary condition (e.g., constraint

displacement), loading condition (e.g., initial stress, inertia force,

and volume load) can be modeled. (5) The computation is stable

without considering the effects of damping during contacts.

These features of DDA facilitate the effective simulation of the

behavior of discrete blocks with large displacements. 

Since most geotechnical engineering problems are three-

dimensional, however, a two-dimensional representation is, at

best, a crude approximation. In the case of slopes and tunnels,

the orientation and geometry of discontinuities are unlikely to be

suitable for two-dimensional idealization, even though the

dimension perpendicular to the plane of analysis may be large.

To simulate the behavior of rock masses with discontinuities

more precisely, the numerical method is required to consider the

effects of the distributions of discontinuities, the terrains, the

contacts among blocks, and the large displacements in three

dimensions.

Hence, the authors have developed the Three-Dimensional

Discontinuous Deformation Analysis (3D DDA) program to

simulate the three-dimensional block behaviors more accurately.

In this paper, the basic ideas of 3D DDA are introduced. Then, a

new 3D DDA method is suggested as the numerical analysis

method of discontinuous rock masses. In order to demonstrate

the applicability of the new 3D DDA program, this new numerical

method is applied to a slope failure problem at an actual site.

2. Basic Theory of DDA

The basic theory of 3D DDA is presented in this paper. A more

detailed explanation of the DDA theory can be found in other

papers written by Shi (1989), Sasaki et al. (1994), and Jing (1998).

The 3D DDA models the domain as an assembly of discrete

blocks. Acceleration is taken into account to describe the effects
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of the inertia forces. Each block has 12 unknowns, composed of

3 translations, 3 rotations, 3 normal strains, and 3 shear strains

(Fig. 1). These unknowns result in the displacement function

(Eq. (1)). 

(1)

where

The coordinates (xc , yc, zc) indicate the block centroid. The

 vector corresponds to the unknowns representing the

displacements and deformations of the block. Using this formula,

the displacements of all points in the block can be calculated.

The mechanical behavior of the system obeys the principle of

Hamilton (Hayashi and Mura, 1971; Huebner, 1975) for the

dynamic system, as shown in Eq. (2). In addition, the Updating

Lagrange description is introduced to the time domain. 

(2)

where,  is the mass matrix,  is the acceleration vector,

 is the stiffness matrix,  is the displacement vector, and

 is the force vector.

When a vertex-to-face contact occurs, the contact can be

represented by two stiff springs in the normal and tangential

directions, and Mohr-Coulomb slider shown as  is used in the

tangential direction, as shown in Fig. 2. The shear spring is

introduced to prevent block a from sliding along block b when

the normal force generates at the contact pair and the shear force

is less than the joint shear strength. The normal contact spring

judgment follows the no-penetration and no-tension criterion.

The contact spring is added when two blocks contact and penetrate

each other. On the other hand, the contact spring is deleted when

two blocks separate. The open-close iteration is used to obtain

converging answers at all contact points for each step. 

In the 3D DDA, the penalty method is used to calculate the

potential energy caused by the contact springs. When a vertex-

to-face contact occurs, the normal spring with stiffness of kn is

introduced to the computation to push the vertex back to the

surface along the shortest distance. The potential energy

contribution from the normal contact spring can be calculated as

follows: 

(3)
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Fig. 1. Three-Dimensional Displacements of a Block

Fig. 2. Contact Representation

Table 1. Contact Types in 2D and 3D

Block Contact Types

2D Block vertex-to-vertex, vertex-to-edge, edge-to-edge

3D Block
vertex-to-vertex, vertex-to-edge, vertex-to-face,
edge-to-edge, edge-to-face, face-to-face
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After the same derivations mentioned above, the effects of

contact springs are added to the global matrix. 

Table 1 shows the types of possible contacts in the 2D and 3D

block systems. In the 2D system, contacts are divided into 3

types, which can be simplified to vertex-to-edge (Shi, 1989). The

3D contacts, however, are more complicated than those in the 2D

system. This is one of the main difficulties in developing the 3D

DDA program.

3. Application to Slope Failure at the Actual Site

Japan is a mountainous country, where many kinds of

landslides frequently occur due to its local geological and

topographical features and climatic conditions. Many engineering

structures near mountainous regions have been under the threat

of slope failure, and considerable financial resources are required

for maintenance and repairs every year.

Photo 1. Pictures of the Research Field Site

Fig. 3. Slope Failure Process at the Study Site
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In order to get a better countermeasure design against slope

failures, it is necessary to study their mechanisms. Numerical

analysis methods, in particular DDA, is one of the many methods,

which has been applied in the past years to study the mechanisms

of slope failure (Shimauchi et al., 2001). 

3.1. The Outline of the Slope Site 

A rock-slope failure at the slope site has been studied for this

paper. Photo 1(a) and Photo 1(b) show the front and side view,

respectively, of the study site. Fig. 3 presents the sketch of the

failure process. According to the landslide classification of Varnes

(1978), this failure can be classified as a toppling failure. 

According to the failure process shown in Fig. 3, two major

toppling failures happened at this site. In the first failure, block

A1 and A2. During the failure, block A2 toppled first and

triggered the toppling and abrasion of block A1 from block B. In

the second failure, block A3 toppled. Photo 2 shows the failure

process of block A3, which was recorded on video. The failure

process involved the rotation of falling blocks around axes not

parallel to the strike of the slope. This 3D behavior is impossible

to be simulated accurately by 2D analysis. Hence, 3D DDA has

been used to investigate its applicability to simulate the failure

process of block A3.

3.2. Geometric Model of the Slope for 3D DDA 

Fig. 4(a) shows the 3D geometric model, which is a

combination of front and side view sketches, and field survey

data. The main subject of this study is focused only on the

toppling failure pattern of block A3, which is shown in Photo 2.

Therefore, the geometric model was simplified, as shown in

Fig. 4(b).

Fig. 4(b) shows that the rock slope can be approximated with 3

blocks, as follows: the fixed block (B), large block (A3), and

small block (C) at the foot of A3.

3.3. Physical Parameters of the Rock Mass and Joints in

the Field 

To investigate the physical parameters of the rock mass and

joints, some samples were obtained from the field for testing. In

the laboratory, uniaxial compression tests, Brazilian tests, and

direct shear tests were carried out on the samples, including the

Photo 2. Failure Process of Block A3 at the Site Fig. 4. Geometric Model of the Slope Site
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natural joints, in order to study the uniaxial compression and

tensile strength of the rock mass, and the cohesion and friction

angle of the joints. Table 2 shows the results of the laboratory

tests.

Table 2. Laboratory Test Results

Property Value

Rock Mass

Uniaxial Compression Strength (MPa) 63.9

Tensile Strength (MPa) 10.6

Young’s Modulus (GPa) 24.5

Poisson’s Ratio 0.2

Discontinuity
Friction Angle (o) 32.4

Cohesion (MPa) 0.056

Table 3. Parameters for the 3D DDA Computations

Property Value

Rock Mass

Unit Weight (kN/m3) 25.7

Poisson’s Ratio 0.2

Young’s Modulus (GPa) 24.5

Discontinuity

Friction Angle ( o) 32.4

Cohesion (MPa) 0.0

Tensile Strength (MPa) 0.0

Fig. 5. Analysis Results of the Slope Failure Process
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3.4. Slope Toppling Failure Simulations by 3D DDA

Table 2 shows the results of laboratory, as well as the actual

weathering and erosion conditions of the joints in the field. On

the other hand, Table 3 shows the physical parameters that were

used in this study. No tensile and cohesion strength for the joints

were assumed. 

Fig. 5 shows the simulation results of the A3 block failure

process and the corresponding images taken on the video. As

seen in the figure, the weight of block A3 is the main driving

force that caused the toppling failure. Moreover, the interactions

among block A3, block B, and block C exhibit the 3D phenomena

described before, when block A3 and block C fall down. By the

simulation, engineers are able to investigate the mechanism of

the rock-slope failure, using an animation of the slope failure

process from any desired viewpoint.

The comparison of the simulation and the recorded behavior

shows that the toppling behavior of block A3 has been

successfully simulated. The simulated movement of block C is

slightly different from the one in the field. Fig. 5 shows that

block C fell down before the failure of A3. As shown in Photo 2,

however, block C accompanied the toppling of block A3. The

disagreement may be caused by the strength and geometrical

assumptions involved in the modeling joints or in the interaction

patterns between block B and block C. Jing (1998) mentioned

that the major difficulty of discontinuous analysis methods is the

requirement for knowing the exact geometry of the fracture

systems in the problem. The unsatisfactory simulation of block C

may be due to the oversimplification of the system.

4. Conclusions

The 3D DDA program was developed to overcome the

limitations of 2D DDA computations to accurately simulate the

three-dimensional behavior problems of discontinuous rock mass

with large deformation and displacement. In this paper, the basic

principles of 3D DDA have been described. Then, a new 3D

DDA method has been proposed as the numerical analysis

method of discontinuous rock masses. In order to demonstrate

the applicability of the newly developed 3D DDA program, this

new numerical method was applied to a slope toppling failure

problem at the actual site. The outcome of the study showed that

the newly developed 3D DDA program is able to effectively

simulate the toppling process of the most important block A3 at

the actual site. The examination and comparison of the simulation

results with the monitoring of displacement behavior proceeding

to failure at the actual field have confirmed the applicability of

3D DDA to study the deformation and failure mechanisms of

rock masses.

Acknowledgements

The authors are grateful for the help extended by Dr. G.-H. Shi

and Mr. K. Momma in this study.

References

Hayashi, T. and Mura, T. (1971). Calculus of Variations, Corona

Publishing Co., Ltd. 

Huebner, K.H. (1975). The Finite Element Method for Engineering,

John Wiley & Sons, Inc. 

Hwang, J.-Y., Ohnishi, Y., and Nishiyama, S. (2002). “Key block

analysis in tunnel construction for the geological disposal of high-

level radioactive waste.” Proc. 2nd Japan-Korea Joint Seminar on

Geoenv. Engrg., Japan, pp. 61-68. 

Hwang, J.-Y. (2003). Stability Evaluation of Rock Blocks in Tunnels for

Observational Method, Chapter 10, Chapter 11, Ph.D. Dissertation,

Kyoto University, Kyoto, Japan, pp. 225-268. 

Hwang, J.-Y. and Ohnishi, Y. (2003). “New mechanized tunneling

method and its application to large tunnel.” Proc. 4th Sym. on

Mechanized Tunneling Techniques, KTA, pp. 159-174. 

Hwang, J.-Y., Ohnishi, Y., and Nishiyama, S. (2003). “Removability and

stability analysis method of rock blocks considering discontinuity

persistence in tunnel construction.” Jour. of the KGS, KGS, pp. 39-

48.

Hwang, J.-Y. (2004). “New observational design and construction

method in tunnels and its application to very large cross section

tunnel.” Jour. of the KGS, KGS, (Accepted).

Hwang, J.-Y., Sato, M., and Ohnishi, Y. (2004). “Quick evaluation

method for discontinuity properties by vision metrology for

observational design and construction method in tunnels.” Proc.

33rd Rock Mech., JSCE, Japan, pp. 187-192. 

Jing, L. (1998). “Formulation of discontinuous deformation analysis

(DDA) - an implicit discrete element model for block systems.”

Engineering Geology, Vol. 49, pp. 371-381. 

Ohnishi, Y. (1999). “Survey, analysis and evaluation for discontinuous

rock mass.” Soil and Foundation, JGS, Vol. 47-12, pp. 61-62. 

Ohnishi, Y. (2002). “Keynote lecture: Numerical methods and

tunneling.” Proc. of the Fourth Int. Summer Symp., JSCE, Kyoto,

Japan, pp. 1-21.

Sasaki, T., Ohnishi, Y., and Yoshinaka, R. (1994). “Discontinuous

deformation analysis and its application to rock mechanics

problems.” Jour. of JSCE, JSCE, No. 493 / III-27, pp. 11-20. 

Shi, G.-H. (1989) Discontinuous Deformation Analysis a New

Numerical Model for the Static and Dynamics of Block Systems,

Ph.D. Dissertation, UC Berkeley, USA. 

Shimauchi, T., Sakai, N., and Ohnishi, Y. (2001). “Fundamental study of

mechanical behaviors for rockfalls based on image analysis.” Proc.

of Fourth Int. Conf. on Analysis of Discontinuous Deformation,

Edited by Nenad Bicanic, UK, pp. 473-481. 

Varnes, D.D.J. (1978). Slope movement types and processes in

landslides analysis and control, Transportation Research Board

Special Report 176, National Academy of Science, Washington

D.C., USA, pp. 11-33.

(Received on March 12, 2004 / Accepted on July 13, 2004)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


