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Expanded distinct element model for stability analysis of deep underground 

opening in jointed rock masses

Extension du modèle d’éléments distincts à l’analyse de la stabilité des ouvrages souterrains profonds 

dans un massif fracturé

V . J ia n g  &  Y . T a n a b a s h i  -  Faculty ot Engineering, Nagasaki University, Nagasaki, Japan 852-8521

A BST R A C T : A  n um er ical approach  for  sim u lat ion  o f  gen erat ion  an d p rogress o f  n ew  crack s du e  to sh ear  an d ten sion  failu re in  th e 
m atr ix b locks o f  join ted  r ock  m asses is p roposed  by u sin g d ist in ct  elem en t m eth od (D EM ). A s th e app licat ion  o f  th e proposed  a p ­
proach , ch an gin g th e depth  o f  open in g an d geom etr ical d ist r ibu t ion  o f  th e exist in g discon t in u it ies car r ies ou t  excavat ion  sim u lat ion s 
o f  deep  un dergroun d open in g in th e jo in ted  rock  m asses. Furth erm ore, th e e ffects o f  cab le  bolt s on  con trollin g deform at ion al beh av ­
iour o f  open in g an d m ovem en ts o f  key b locks are also d iscu ssed .

R ÉSU M É: U n e approch e n um érique u t ilisan t  la m éth ode d es élém en ts dist in cts (D EM ) est  p r op osée pou r  étudier  la rupture au  cisail ­
lem en t et  à  la t ract ion  d ’un  m assif roch eux fractu ré. Cet te m éth ode est  u t ilisée pou r  sim u ler  l’excavat ion  d an s un  m assif fractu ré don t 
la profon deu r  et  la loi de  distr ibu t ion  géom étr iqu e des d iscon t in u ités var ien t . P ar  ailleu rs, les effe ts du bou lon n age su r  le con trôle des 
déform ation s et  du  m ouvem en t des b locs clefs son t  an alysés.

1 IN T R O D U CTIO N

A  rock  m ass o f  a  site  is n ot con tin uum  an d its m ech an ical beh av ­
iour is st ron gly  affected  by the beh aviou r  o f  th e exist in g d iscon ­
t in u it ies, su ch  as beddin g, jo in ts, feu Its an d  fractu res. Sever al 
exper im en tal an d n um er ical in vest igat ion s h ave dem on st rated  
the in flu en ce o f  d iscon t in u it ies on  m ech an ical, th erm al an d  h y ­
drau lic beh aviou r  o f  join ted  r ock  m asses. It h as also  been  in di­
cated  b ased  on  th e exper im en tal an d in-situ in vest igat ion s th at 
deform at ion al m ech an ism  an d  stab ilit y o f  rock  structures in  the 
discon t in u ous r ock  m asses ext rem ely depen d on  n ot on ly th e ex ­
ist in g d iscon t in u it ies bu t also  n ew  cr acks, w h ich  are  gen erated  
an d p r ogr ess due to loadin g an d/or  excavation .

For  m odelin g th e sh ear  beh aviou r  o f  th e exist in g rock  join ts 
un der both  con dit ion s o f  the con stan t  n orm al load in g (CN L) and 
th e con stan t  n orm al st iffn ess (C N S), Jian g et  al (1999 an d 2001) 
presen ted a  new  con st itu t ive form u lat ion  b ased  on  th e resu lts o f  
laboratory sh ear  test s o f  th e n atural an d ar t ificial r ock  jo in t s by 
u sin g the n ew ly deve loped  sh ear  test  apparatu s an d set  up  it in 
the n um erical program  o f  th e distin ct elem en t m eth od (D EM ).

Th is stu dy is to develop  an  expan ded  d ist in ct  elem en t  m eth od 
(ED EM ) for  sim u lat ion  o f  gen erat ion  an d p rogress o f  new  cracks 
due to sh ear  an d ten sion  failu re in th e m atr ix b locks. Th e pr o ­
p osed  m eth od is a  pow er fu l d iscon t in u u m  m odelin g tool for  
sim u lat in g th e beh aviou r  o f  join ted  rock  m asses su b jected  to 

qu asi-stat ic o r  dyn am ic con dit ion s. A s th e app licat ion s, ch an gin g 
the depth  o f  open in g an d geom etr ical d istr ibu t ion s o f  th e exist in g 
discon t in u it ies car r ies ou t  excavation  sim u lat ion s o f  deep un der ­
groun d open in g. Fo r  the ver ificat ion  o f th e p roposed  approach , 
scale  m odel exper im en ts by  u sin g th e base  fr ict ion  experim en t 
apparatu s are  also  car r ied  ou t . Fin ally , e ffects o f  cab le bolt s on  

con trollin g deform at ion s o f  th e r ock  m asses surroun din g open in g 
an d m ovem en ts o f  key blocks are d iscu ssed .

2 M O D ELIN G  G EN ER A T IO N  A N D  P R O G R ESS O F N EW  

CR A C KS BY  U SIN G  D EM

Th e rock  m asses in  D EM  are r egarded  as an  assem b ly  o f  de ­
form able b locks in teract in g th rough  discon t in u it ies, an d th e d is­

con tin u it ies are regarded  as boun dary in teract ion s betw een  

b locks. Lar ge  d isp lacem en t s an d rotat ion s are perm itted  based  on  
the u se  o f  an  exp licit  t im e step  algor ith m . Du e to redist r ibu tion

an d con cen trat ion  o f  st r esses in  th e n earby r egion  to un der ­
groun d open in g, sh ear  failu re o r  ten sion  failu re in  th e deform a­
t ion al m at r ix are cau sed  easily . Th e pr in ciples an d procedu re for  
m odelin g the gen erat ion  an d p r ogr ess o f  n ew  cr acks are pre ­
sen ted below .

2.1 Setting Potential Joints in Matrix

Based  on  the e lasto-p last ic calcu lat ion  w ith  a  con tin uum  n um eri­
cal approach  be for e  car ryin g ou t  th e discon t in uu m  sim ulat ion , 
d irect ion s o f  pr in ciple st r esses an d exten t  o f  p last ic r egion s can  
be in dicated. N ext  step  is to set  th e in it ial poten t ial p lan es that 
h ave th e sam e m ech an ical proper t ies (i.e. stren gth  an d st iffn ess) 
w ith  th e in tact rock  (Jian g, 2000). Gen erat ion  locat ion  an d p r og ­
r e ss d irect ion , d ist r ibu t ion  frequ en cy o f  th e poten t ial p lan es in  
th e deform at ion al b locks are defin ed  carefu lly  accord in g to the 
d ist r ibu t ion  d irect ion s o f  th e pr in ciple st r e sses in  each  elem en t o f  
th e D EM  m odel. In  th e sh ear  failu re zon e, th e applicat ion  o f  slip 
an gle, 45° + <f> /2 , as th e d irect ion  o f  gen erat ion  o f  n ew  cracks is 
th ough t to be appropr iate. Th e poten t ial jo in t s sh ow  th e sam e 
beh avior  w ith  th e su rroun din g in tact rock  befor e sat isfied  the 
fu t u r e  cr iter ion s, an d its proper t ies are redu ced  au tom at ically  to 
the valu es o f  th e exist in g discon t in u it ies w h en  th e st r e sses act in g 
on  a poten t ial p lan e  reach ed  at  th e lim itat ion  o f  sh ear  stren gth  or  
ten sion  strength .

2 .2  Failure Criterions for the Potential Cracks

In order  to defin e th e failu re m odes for  each  poten t ial p lan e, tw o 
failu re cr iter ion s are  applied  b ased  on  th e calcu lat ion s o f  pr in ci­
p le st r e sses acted  on  each  poten t ial p lan e. Cr iter ion  fun ction s for  
sh ear  failu re an d ten sion  failu re  can  be  exp r essed  as equat ion s 
(1) an d (2).

/ ,  =  ( l . O - s i n 0 ) r 1 - ( l . O + s i n 0 ) r 3 - 2 .O C c o s 0  (1)

/ ,= < y , - < y ,  (2)

h ere C  is th e coh esion  force, 0  is the fr ict ion  an gle  o f  in tact rock.
a , m ean s th e ten sion  stren gth  o f  in tact rock .

Pr in ciple st r esses on  a  poten t ial p lan e can  be evalu at ed  by u s­
in g th e Airy  st r e ss fun ction . Ju dgm en t  o f  gen erat ion  an d  prog-

1351



Table 1. Properties of intact rock.

Properties Model Object rock

Young’s modulus(MPa) 415.5 7421

Poisson’s ratios 0.136 0.136

Density(g/m3) 1.505 2.5

Cohesion(MPa) 0.143 2.555

Friction(deg.) 34 34

Tension strength (MPa) 0.054 0.974

Table 2. Properties of the rock joint.

Properties Model Rock joint

Shear stiffiness (MPa/m) 80.74 1442.1 

Cohesion(MPa) 0 0

Friction angle(deg.) 31.2 31.2

Figure 1. Judgment [1006(10« of generation of new cracks.

ress of new cracks in DEM model are carried out based on two 

failure criterions for each calculation cycle. Judgment process is 

executed only for the prior defined potential planes and is fin­

ished when all o f the potential cracks have been evaluated. The 

mechanical properties (i.e. strength and stiffness) of the potential 

planes satisfied one of both failure conditions are decreased as 

ones of the existing joints automatically so as to that the poten­

tial plane shows the same deformational behavior with the exist­

ing joints.

2.3 Judgment procedure o f generation o f  new cracks

As shown in Figure 1, generation simulation involved progress 

direction and distribution frequency o f new cracks due to load­

ing and/or excavation can be realized in three steps:

(a) objective definition o f the potential planes in deformational 

blocks according to the distribution features o f principle stresses 

in jointed rock masses, and estimation of stress tensor at the cen­

tral location of each potential plane;

(b) judgment of generation and progress direction of new 

cracks by shear and tension failure criterions;

(c) update of behaviors o f the existing discontinuities and new 

cracks.

3 V E R IF IC AT IO N  BY  M ODEL EXPERIMENTS OF 

UNDERGROUND OPENING EXCAVATIO N

In order to verify the proposed method and judgment procedure 

presented above, the model experiments of underground excava­

tion at depth are carried out by using the base friction model 

equipment. The model material is the mixture of sand, gypsum, 

lime and water. The mixture is poured into form at 30° C for 

one day and cured at 80° C for two days to keep off contraction 

of the mixture. 20mmm wide 25mm thick long beam members 

are set on the base plate and formed an inclined and stratified 

rock mass model with a joint spacing of 20mm.

The frictional resistance on the bedding surfaces is measured 

in the plane shear test, and the mechanical properties of the in­

tact model material are investigated by using laboratory tests. In

: g e n e ra te d  n e w  c ra c k  

Figure 2. Experimental result.

Figure 3. Simulation of generation of new cracks.

experiments, the geometry scale and stress scale of model are as­

sumes as 400 and 17.86, respectively, so as the properties of in­

tact rock and rock joints are calculated as in Tables 1 and 2.

Comparisons o f model experiment and generation simulation 

of new cracks using EDEM are described in Figures 2 and 3. The 

x mark on the model shows the generated new cracks due to 

shear failure or tension failure. In the geometrical distribution of 

joints as shown in Figures 2 and 3, the tension failure zones oc­

curred on the middle wall of the right side and the left-bottom 

comer of the opening, and displacement of opening also shows 

an local behavior feature. Propagation simulations of new cracks 

had a good agreement with the model experiments about the po­

sition and direction of the new cracks.

remain
Operation of all potential 

planes in the model

completion

Evaluation of stress tensors at central location of a po­

tential crack 

by Airy stress function

no- generation — --------
^ --------- - Judgment of generation -—

of new crack by criterions ______'

generation

'START  

A potential plane

Reduction of strength and stiffness 

to the value of existing discontinuities

1352



4 APPLICATION TO DEEP UNDERGROUND OPENING  

EXCAVATIO N

4.1 General

Excavation simulation of a deep underground opening in the dis­

continuous rock masses is taken as the example problem by us­

ing the EDEM in which the proposed formulation of the existing 

joints and the judgment procedure for development of the new 

cracks have been built into the constitutive relation of a joint. 

The center o f opening is 158m depths from the ground surface, 

height o f opening is 50m and width is 25m. Figure 4 shows the 

bench excavation steps. After the initial in-situ stress state is re­

produced based on the depth and the coefficient of lateral pres­

sure, K„, bench excavation from arch part of opening without 

supports is carried out for investigating development of the key 

blocks in the surrounding rock masses of opening due to genera­

tion o f new cracks. The intact rock is modeled as the elasto- 

plastic body.

4.2 Comparison and discussions

It can be considered from Figure 4 that there are no separated 

key blocks to move to the opening in the initial distribution con­

dition of the joints. General continuum or discontinuum analyses 

w ill present the same results. Applying the EDEM proposed in 

this paper, however, w ill give the different answer for stability 

assessment and support design of opening.

Figure 5 shows the generation and development of the new 

cracks near to the opening wall with the bench excavation proc­

ess. The height of a bench excavation is 3m. When excavated the 

9111 bench, several key blocks that cavern into the space o f the 

opening are caused newly due to shear and tension failures. The 

separated blocks needed to be supported by steel ribs, lining or 

bolts while the whole loading and the suitable setting locations 

of supports can be evaluated according to the size and movement 

direction of the new key blocks.

Changing the depth o f opening and geometrical distributions 

of the existing discontinuities, involved length and inclination 

angle, spacing, gap, clarified the deformational behaviour and 

stability o f opening. It has been cleared that sizes and move­

ments of new blocks are increased with increasing the depth of 

opening (Figure 6).

The supporting effects of rock bolt and cable bolt on control­

ling the occurrence and progress o f new cracks are also investi­

gated by using the same model and boundary conditions. The 

mechanical properties of bolts, such as bonding strength, normal 

stiffness and shear stiffness between bolt and grout material, are 

defined based on the previous references. Two bolting patterns 

with the different length and spacing on the opening wall are 

considered to investigate the effects so as to design the rational 

support system. Pattern ®  has 5m length and 1.5m space on the 

wall and the length of cable bolts in pattern ©  is 20m. Compar­

ing with the case o f no supports in opening (Figure 5), propaga­

tion o f new cracks and movements of key blocks are effectively 

controlled by using rock bolts or cable bolts. The movements of 

the generated blocks, however, at the upper part of the right wall 

couldn’t be restrained perfectly by rock bolts because the length 

of bolts is too short. Cable bolts presented the valuable effects on 

stabilizing the opening (Figures 8 and 9).

The key block theory and the DEM have been considering 

as the useful tools for lining design, selection of support type and 

stability assessment of underground opening excavated in the 

discontinuous rock masses. Based on the above discussions, it 

can be recognized that these methods give an inappropriate an­

swer occasionally if the mechanical behavior of the existing rock 

joints and the new crack generation have not been defined faith­

fully based on the shear test and the site investigation. The nu­

merical approach proposed in this paper given a new idea for 

improving the reliability and suitability of DEM.

Figure 4. Simulation model of deep underground opening.

Figure 5. Generation of new cracks in bench excavation (H=158m).
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F ig u r e  6 .  V e r t i c a l  d is p la c e m e n t  a t  t o p  o f  o p e n in g  b y  c h a n g in g  d e p th .

S h e a r  f a i l u r e . T e n s i le  f a i lu r e

F ig u r e  7 .  C o n t r o l l i n g  e f f e c t  o f  r o c k  b o l t s  o n  d e f o r m a t io n a l  b e h a v ­

io u r  a n d  g e n e r a t io n  o f  k e y  b lo c k s ( b o l t in g  p a t te r n  ( D ) .

T e n s i le  f a i lu r e

5 CONCLUSIONS

A numerical approach for the simulation of generation and 

progress of new cracks due to shear and tension failure in the 

matrix blocks of jointed rock masses is proposed in this study by 

using the distinct element method (DEM). Generation location 

and progress direction, distribution frequency o f the new cracks 

in the deformational blocks can be defined according to the dis­

tribution directions of the principle stresses in each element of 

the DEM model.

For the verification of the proposed methods, model experi­

ments by using the base friction model equipment are also car­

ried out on a deep and large opening in the stratified rock masses, 

and a good agreement has been obtained. As the applications of 

the proposed approach, changing the depth of opening and geo­

metrical distribution of the existing discontinuities carried out 

bench excavation simulations of a deep underground opening in 

the jointed rock masses. Furthermore, the effects o f cable bolts 

on controlling deformational behaviour and movements of key 

blocks are also discussed.

It was clarified based on the comparisons of the scale model 

experiments and the simulations using the EDEM that the pro­

posed approach given a new idea for improving the reliability 

and suitability of DEM.
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