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Analysis: Sample Data From Yucca Mountain.” Prepared by R. Chen, Center for Nuclear Waste Regulatory

Analyses, San Antonio, Texas. Quebec, Canada: Georock Inc. 1999.
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:S h\ IDLVQ\\ Oiﬂ/g &‘/)GK/ (}DL ¢ ‘[V\DCd\ﬁ YLQC‘CcL -joint set spacing: m length: m bridge: m
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[2] Integrity: All blocks of a united key block have the same displacement along the [
same straight line.

[3] Removability: The united key block can do parallel translation toward the free
space without invade into the rocks outside of the united key block.

Based on the joint sets, there are several types of key blocks called JP (joint pyramld)

Key blocks of the same JP are in the same side of joints of each joint set. All key

blocks of a JP can form a maximum key block.

i\bv h@t o, ega/@/{

There are many finite joint blocks around the tunnel. The key blocks are the first

to fall. Other blocks can fall only after the falling of key blocks which create more

moving space. Therefore, if the all maximum key bl?cks are 7{1pported, 7111 other

blocks can not, fall. " / .
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Table 5.1 Tptpll key block zones JP=011

M’key block JP code 011
7/,/ /ﬂ{v ) bleeeﬁ/rea in tunnel surface from 1.37% to 2.23%
/Shdlng direction joint set 1
/ Program UJTO file UJTS1
// Table 5.2 Tptpll key block zones JP=101
\/‘ZH/ key block JP code 101
7% fovo /) /c;ﬁ)area in tunnel surface from 1.57% to 1.64%
liding direction joint set 2
/| Program UJTO file UJTS2
/Table 6.1 Tptpul key block zones JP=011
_~___ /' key block JP code 011
(Wv//,[,m block area in tunnel surface from 2.25% to 2.41%
/sliding direction joint set 1
/| Program UJTO file UJTS3
Table 6.2 Tptpul key block zones JP=101
7 key lzlock JP code 101
/3744, Dlociarea in tunnel surface from 1.75% to 2.04%
/- /sliding direction joint set 2
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/ From mathematics, DDA is block system version of FEM The DDA uses tlme stepr
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/ At the end of each time step, the equilibrium is reached by minimizing the total
/ Y N G

Ay, tem/nergy/ / ([ ) | [ A

Based pn natural contadt phenomena an entrance tﬂeory was / developed. ‘The

pﬁ\ N
D Qf*%(‘(‘ 5_% G?‘K‘Ané\\(? "‘Qrﬁ(?v BCCDT‘

D'ﬂ:‘mp/ x(’é
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“open-close” iterations ensure that no tension and no penetration occur at all entrance” :

hﬁ‘n_g —g\aﬁfa/)mﬁ« m\% *‘H]\‘D (”IL\DDQ\JE d@b\ Ojj D\“Q

/ positions and all time steps. There are three entrance modes: open, sliding and/1 A AN 7 7 , y, y ¢ V4 , / //
"/ locking. Coloumb’s Law is also fulfilled at all entrance modes all en%/ance pos?mnyq»/ e ;mff Wellg{ht ‘ © 2.27 tons/m /m
o730 of rock mass 3000000 tons/m

| and all time steos. - [G er~lid 1 of rock s . 3[/\ @,}& &W .

/DDA cor;;gtaf{m; oifers the movemfents,lstresses an}(li strains .ofbeach hblock.d Thi/‘i/ number of time steps 20000 o /fg }/ch —

/ ;:irlrlll[;:t;nd t I(l)ecﬁn ;lsp; :rcl;a;nents a}r)e o) tend.arge enough to be visible, the modes o // time step 0.0020 seconds /m

/ _ ge can be seen directly. — Program DLO file DLS1: producing joints o

On the other side, the DDA codes can perform traditional limit equilibrium analysis / ‘Program DCo file DCS1: producing blocks /m

[ or whole block systems. The discontinuous deformation analysis (DDA) has to fulﬁll/j/ Program DFO file DFS1: mechanical computations /4
/:Jhysical laws of both inside a block or between blocks. M_,,,L / Earth quake file

/

For long term analysis, massive rock collapsing often are block system movements: g L

QKS1: 20 seconds earth quake

/ / multi-block rotation such as toppling or buckling can be computed by DDA method.

/ all blocks move simultaneously, different, blocks have different sliding directions. The M

/For this computation, the earth quake data of Yerba Buena Island Tunnel betweefi

San Francisco and Oakland are considered. The acceleration data are from California/i‘é

Department of Transportation. The ariginal data are 50 seconds, our computation”

// The input data of DDA computations include the time depending earth quake accel"

, g

erations, block geometry and mechanical parameters.
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The following are the joint set data with extended joint length and zero joint bridge.

— - P /
Block Size Distribution
Based on Extended Joint Length

.
Table 3 Statistical joint set data with extended length / o
joint set spacing: m length: m bridge: m .
joint set 1 30 3.6 .0001 /
joint set 2 .30 4.8 .0001 o
joint set 3 .50 3.6 .0001
N

Since the joints are long and the joint set 1 is almost perpenticular to the tunnel axis, AN
joint set 1 can be considered as cross section plane. Therefore only joint set 2 and | —
joint set 3 are used to produce the joints on the tunnel section. The joint set 1 serves \”‘W
as the side cutting S

N N \\ AN \\ ~
| A >/ D> . N

19028 B
R +H-0 strm'(\l\JQ'p I\r‘) O ) rv}u\ofaxf\ /
‘%ermm.Q (Om\(\*@(/\ Ei(f/x \%(3 2 /
'THP ”ﬁ*&@&wm% (X wevk 12X /
/ ,/ — ;
/
o~ D -
<" Ttem Description ﬂ(%@@«bﬂo ®7/ 05/ = Work Date ™ 4 /
1 to prepare advanced tunnel key block computation 8 Hrs.  June 28 //
//‘ 1 to prepare advanced tunnel key block computation 8 Hrs. June 29\1i ;
2 writing the ideas of tunnel Key Block computation 8 Hrs.  July 2

/

/ /

Table 2 Tunnel data

bearing angle of tunnel axis

rise angle of tunnel axis

tunnel diameter

tunnel shape

a — //

The 2- d DDA code DLO and DCO are used to produce the Jomts and blocks. The/é—

block volume distribution is shown by the following Table 46/ o =
e e

7 \‘ 4 / Table 4 Block volumes with extended joint length < (¢ 03/ eo ,
- 7 volume range m? per cent % / -
,_ _— e . - : 0.0 to 0.2 61.6 % | o
The geometry of the tunnels are the following: @(}L\ Q@ ‘(/L A — / 0.2 to 0.4 30.1 % /
aiNa, P 0.4 to 0.6 6.51 % B
©)/03/00 0.6 to 0.8 1.26 % _—
105° 3 -~---~~»»/ 0.8 to 1.0 034 % o
0° . — / 1.0 to 1.2 0.11 % -
5:5 meter o / The total block number is 876, The maximum block volume is 1.05m3 /::
: circular rTTTT——t— / NN N \ < ] 7 ‘7’” ) \
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| 4 Based on Original Joint Length — JL,
D 7/ / The following are the joint set data with original joint length and zero joint bridge.
i:jwjm:iz Table 5 Statistical joint set data with original length T e
- / joint set spacing: m length: m bridge: m 4
- % joint set 1 30 1.8 0001 \ B
L [ joint set 2 .30 2.4 .0001 w
_/ joint set 3 50 1.8 0001 'QiA C o C() \ >
W.»WWWW7Z In this case, all three joint sets are used to produce the joints. 67/ Q}/ oo
T/ The 2-d DDA code DLO and DCO are used to produce the joints and blocks. The |’
A block volume distribution is shown by the, following Table 6: \ "
7 7 by thyfolloy N
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<) Results of 2-d DDA Earth Quake Computation

Based on Extended Joint Length

The following tables listed the actual DDA input data:
L

' Table 9. Tptpll rock falling using DDA programs
/
L 2.27 tons/m 3

unit weight
E of rock mass 3000000 tons/m 3

/ v of rock mass 0.21

// number of time steps 20000

time step 0.0010 seconds

DLS4: producing joints

/" Program DLO file
DCS4: producing blocks

Program DCO file
DFS4: mechanical computations

+ Program DFO file
QKS1: 20 seconds earth quake

Earth quake file
/

/\

4

of the strong earth quake.

blocks, the earth quake accelerations are applied as body forces.

~” in the 20 seconds strong earth quake.

~ Assumption of 2-d DDA Dynamic ’Computation

for Earth Quake Stability

/ joint sets are the fo'llowing: . dﬁ &W
/ M (‘(3@0* v

// Table 1 Joint set data Q’)/Zé/g()

joint set dip angle dip d. friction angle  cohesion
g joint set 1 79° 270° 39° 10 T/m?
v joint set 2 81° 230° 39° 10 T/m?
joint set 3 5° 45° 39° 10 T/m?

s v % / / /

e e / / /
A / / ~ s S Ve / / 1%

~ S 7 s ////L

/" Department of Transportation. The ariginal data are 50 seconds, our computation =
only use from 10 second to 30 second. However the 20 second data are the main part ~—

7~ The extended joint length is used and the joint bridge is 0 for all joint sets. This |
should be the worst case of tunnel stability. The computation shows the rock falling/j E

£ o
7 For this computation, the earth quake data of Yerba Buena Island Tunnel between” ~—-o

San Francisco and Oakland are considered. The acceleration data are from California~F——o

, In DDA computation, as a extension of Mewmark method from one block to multi—" | 7

’
/  The Yucca mountain rocks are suitable for the applications of DDA method. The——
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$rom N(o & o NZS°E, okl of the oy bloek | pCloSPE to (282 =, ~the jotor ((nes Yin g freeel
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Report #4 Key Block Results of Rock Falling
of Project: 20.01402.671
Rock Fall Assessing under Seismic Load
using Key Block Analysis

Prepared for: :
CNWRA, Southwest Research Institute
Submitted by Gen-hua Shi
1746 Terrace Drive, Belmont, CA 94002
Tel (650) 631-1804 Fax (650) 610-9505

Key Block Theory of Rock Falling and Tunnel Support

All of the rock falling is block falling. In the process of tunnel or other underground excavations,
there are four different kind of rock blocks:

[1) Infinite blocks: Infinite blocks are connected with the whole rock mass and not isolated by
joints. Infinite blocks are safe and can not fall.

[2] Tapered blocks: Tapered blocks are finite or isolated by the joint cutting. Tapered blocks can
not fall due to the constrain of the outside rocks.

[3] The rock blocks can fall only if other blocks fall first to create the space for the given blocks to
fall.

[4] The rock blocks can fall directly toward the excavated space. The falling can takes place
without the previous falling of other blocks. These blocks are called key blocks.

Key block theory only focus on the 4th kind of blocks or key blocks. The reason is if the key
blocks are supported, all of other blocks can not fall any more. The DDA can find both 3rd and
4th kind of blocks.

The key block is defined by the following criteria:

[1] Finiteness: The faces of key blocks are the existing joints or free surfaces. The joint polygons
and free surfaces isolate the block from all directions.

[2] Integrity: All blocks of a united key block have the same displacement along the same straight
line.

[3] Ren.mvability: The united key block can do parallel translation toward the free space without
invade into the rocks outside of the united key block. The key blocks are surface blocks, they are
on the natural or the excavated surfaces.

Finding key blocks: A large key block can contain other small key blocks. Simple convex key
blocks can form complex non-convex key blocks. The number of key blocks can be very large.
Also the real joints behind the excavation surface can not be located. Therefore the key blocks

are indefinite.
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Based on the joint sets, there are several types of key blocks called JP (joint pyramid). Key blocks NI
——————— of the same JP are in the same side of joints of each joint set. All key blocks of a JP can form a
— JT—
maximum key block. o
T T There are many finite joint blocks around the tunnel. The key blocks are the first to fall. Other )
- blocks can fall only after the falling of key blocks which create more moving space. Therefore, if
all maximum key blocks are supported, all other blocks can not fall. ——
— A————
—_
e~ 1. Stereographic Projection of Joint Sets O
o— The Yucca mountain rocks are suitable for the applications of key block theory. The joint sets of —
the Tptpll case are the following:
a———
r,wl ——
rm— . ——
Table 1.1 Joint set data of Tptpll Case
[aa— joint set dip angle dip d. friction angle cohesion J—
‘ joint set 1 79° 270° 39° 0 ’
Al joint set 2 81° 230° 39° 0 e
e joint set 3 5° 45° 39° 0 N
\
i gy The joint sets of the Tptpul case are the following: ——
Table 1.2 Joint set data of Tptpul case
joint set dip angle dip d. friction angle cohesion e
joint set 1 82° 288° 39° 0 .
joint set 2 82° 228° 39° 0
joint set 3 14° 39° 39° 0 R
Figure 1.1 is the upper hemisphere equal angle stereographic projection of Tptpll joint sets. —
. P
Figure 1.2 is the upper hemisphere equal angle stereographic projection of Tptpul joint sets. .
The input files of stereographic projection are the following:
] Table 1.3 Input files of stereographic projection -
T Program PRJO file PRJS1 for Tptpll N
—_— Program PRJO file PRJS2 for Tptpul ~—
| o The equal angle stereographic projection has the following three advantages: T
L_‘.‘ [1] The projection of any plane is a arc or a segment of a circle.
] — .
[2] The intersection angle between two projection arcs is the true intersection angle between the —
e ——— two joint set planes.
e ————— [3) This simple diagram shows all of the angular relationship between joint sets. —
..—L.__wmwwmwmm” The joint sets for both Tptpll and Tptpul are similar. Two nearly vertical joint sets and one
nearly horizontal joint set. The dip directions of joint set 1 for both Tptpll and Tptpul cases are —
e . » 18 degree different. ‘
s ——
Ww/ * . L3 - B
2. Total Sliding Forces for All Tunnel Directions /
- ) . .
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The volume and sliding forces of key blocks are sensitive to the tunnel dire.ct~ions. The fol!owing is
the study: If the given tunnel direction is safe in terms of the key block sliding force. This tunnel
direction study only based on the tunnel directions and the joint set directions.

The agsumptions are:

[1] The joints are very long.

[2] The joint spacing are very small.

(3] The key blocks in between two parallel joints are not considered.

Figure 2.1 shows the contours of the sliding forces of maximum key blocks for all tunnel 'diT'ecf:ions.
The Tptpll joint sets are input. The contours is equal area projection of the tunnel axis inside of
the reference circle.

In this Tptpll case, the tunnel direction NT75°FE is marked as a small circle in the dra.w.ing. The
maximum sliding force of this direction is about 20% to 30% of the over all largest sliding force
for all tunnel directions.

Due to the two vertical joint sets, the tunnels with nearly 90 degrees rise angle or shafts have
relatively large key block sliding force.

Figure 2.2 shows the contours of the sliding forces of maxinmm key blocks for all tunnel directions.
The Tptpul joint sets are input.

In this Tptpul case, the tunnel direction [N 75° F is marked as a small circle in the drawing. The
maximum sliding force of this direction is about 30% to 40% of the over all largest sliding force
for all tunnel directions.

The input files of sliding force contours are the fo}lovging: .
Table 2.1 Input files of total sliding force computations
Program TSTO file TSTS1 for Tptpll

Program TSTO file TSTS2 for Tptpul

The geometry of the tunnels are the following:

Table 2.2 Tunnel data

[o]
bearing angle of tunnel axis 75)
rise angle of tunnel axis 0
tunnel diameter 5.5 meter
tunnel shape circular

Based on the diagrams of Figure 1.1 and 1.2, the maximum key block sliding forces of different
tunnel directions can be compared. The conclusion of the tunnel direction study is:

Since this tunnel is horizontal, the projection of the tunmnel axis is on the boundary of the reference
circle. The location is 75 degree clockwise from north on the reference circle. The tunnel have the
average maximum sliding force among the horizontal tunnels.

"The differences of maximum sliding forces among the horizontal tunnel directions are not very
much since the set 1 and 2 are nearly vertical and set 3 are nearly horizontal.

3. Key Block Zones of Each JP under a Tunnel Direction
=t Gean—hrics
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Figure 3.1 shows the zones of maximum Tptpll key blocks for each Joint Pyramid. The maximum
key block zones are the projections of the maximum 3 dimensional key block on the tunnel section

plane. Also all the key blocks of the same joint pyramid (JP) are in the corresponding key block
zone. The numbers under the JP codes are the sliding forces with unit g.

The zone marked “011” means JP=011, where “0” means upper side of the joint set and “17”
means lower side of the joint set. All key blocks of JP=011 are in the upper side of joint set 1,
lower side of joint set 2 and lower side of joint set 3. Under the number “011” is “4-0.83”. The
sliding force of the JP=011 key blocks is 0.83 times the key block weight.

Figure 3.2 shows the sliding joint sets of the related maximum Tptpll key blocks. The zone marked
“1” means all of the key blocks of this JP slide along joint set 1. The zone marked “13” means
all of the key blocks of this JP slide along the intersection line of joint set 1 and joint set 3. The
second number under the sliding joint set number is the factor of safety of all the key blocks of
the corresponding JP. The factor of safety of JP=011 key blocks is 0.16. If the factor of safety is
greater than 9.99, 9.99 is printed.

Figure 3.3 shows the zones of maximum Tptpul key blocks for each Joint Pyramid. The maximum
key block zones are the projections of the maximum 3 dimensional key block on the tunnel section

plane. Also all the key blocks of the same joint pyramid (JP) are in the corresponding key block
zone.

Figufe 3.4 shows the sliding joint sets of the related maximum Tptpul key blocks.
The input files of Figure 3.1 to 3.4 are the following:

Table 3.1 Input files of all key block zone computations
Program TRMO file TRMS1 for Tptpll
Program TRMO file TRMS2 for Tptpul

If the joints have limited lengths and wide spacing, the key blocks can occupy only a part of the
maximum key block zone. Most of the real key blocks will lie near the tunnel surface. Therefore,
relatively smaller key block region can be considered in the stability analysis.

From Figure 3.1 to 3.4, for both Tptpll and Tptpul cases, only key blocks of JP=011 and JP=101
can fall.

Key blocks of JP=011 means the block is on the upper side of Joint set 1, lower side of joint set

2 and lower side of joint set 3. From Figure 3.2 and Figure 3.4 key blocks of JP=011 slide along
the joints of joint set 1.

Key blocks of JP=101 means the key blocks are on the lower side of joint set 1, upper side of joint

set 2 and lower side of joint set 3. From Figure 3.2 and Figure 3.4, key blocks of JP=101 slide
along the joints of joint set 2.

Table 3.2 Tunnel key blocks

case JP sliding plane sliding force factor of safety
Tptpll - 011 1 +0.83 g 0.16
Tptpli 101 2 +0.86 g 0.13
Tptpul 011 1 +0.88 g 0.11
Tptpul 101 2 40.88 g 0.11

4. Three Dimensional View of Maximum Key Blocks
Table 4.1 Input files of 3-D maximum key blocks

‘(~f?__i..\£)l ¢ ~ WU

-~

—_—
P )
vt

[ o8 [esi 07




128

Program TBLO file
Program TBLO file
Program TBLO file
Program TBLO file
Program TBLO file
Program TBLO file
Program TBLO file
Program TBLO file

TBLS11 for Tptpil
TBLS12 for Tptpll
TBLS13 for Tptpll
TBLS14 for Tptpll
TBLS21 for Tptpul
TBLS22 for Tptpul
TBLS23 for Tptpul
TBLS24 for Tptpul

I Gy S

Figure 4.1 shows the three dimensional view of the maximum Tptpll key block JP==011. Here the
key block can be in between two parallel joints of joint set 1 or JP=311.

Figure 4.2 shows the three dimensional view of the maximum Tptpll key block JP=011. Here the
key block can be in between two parallel joints of joint set 2 or JP=031.

Figure 4.3 shows the three dimensional view of the maximum Tptpll key block JP=101. Here the
key block can be in between two parallel joints of joint set 1 or JP==301.

Figure 4.4 shows the three dimensional view of the maximum Tptpll key block JP=101. Here the
key block can be in between two parallel joints of joint set 2 or JP=131.

Figure 4.5 shows the three dimensional view of the maximum Tptpul key block JP=011. Here the
key block can be in between two parallel joints of joint set 1 or JP=311.

Figure 4.6 shows the three dimensional view of the maximum Tptpul key block JP=011. Here the
key block can be in between two parallel joints of joint set 2 or JP=031.

Figure 4.7 shows the three dimensional view of the maximum Tptpul key block JP=101. Here the
key block can be in between two parallel joints of joint set 1 or JP=301.

Figure 4.8 shows the three dimensional view of the maximum Tptpul key block JP=101. Here the
key block can be in between two parallel joints of joint set 2 or JP=131.

For the maximum three dimensional key blocks, the assumptions are: the joint length in each joint
set is sufficiently large and the joint spacing in each joint set is sufficiently small. Under these
extreme assumptions, the maximum key blocks are drawn. Any actual key block can not be larger
than these maximum key blocks. The actual key blocks could be much smaller due to the limited
length and substantial spacing.

The results of the three dimensional maximum key blocks are the following:

Table 4.2 Maximum key block JP=311 of Tptpll
key block JP code 011 or 311

key block volume 0.77 cubic meter

area in tunnel surface 2.16 square meter

sliding direction joint set 1

Table 4.3 Maximum key block JP=031 of Tptpll
key block JP code 011 or 031

key block volume 0.64 cubic meter

area in tunnel surface 1.84 square meter

sliding direction joint set 1 Q@(ﬂ h .
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Table 4.4 Maximum key block JP=301 of Tptpll
key block JP code 101 or 301

key block volume 0.39 cubic meter
area in tunnel surface 1.47 square meter
sliding direction Jjoint set 2

Table 4.5 Maximum key block JP=131 of Tptpll
key block JP code 101 or 131

key block volume 0.47 cubic meter

area in tunnel surface 1.68 square meter

sliding direction joint set 2

Table 4.6 Maximum key block JP=311 of Tptpul
key block JP code 011 or 311

key block volume 1.59 cubic meter

area in tunnel surface 3.62 square meter

sliding direction joint set 1

Table 4.7 Maximum key block JP=031 of Tptpul
key block JP code 011 or 031

key block volumne 0.79 cubic meter
area in tunnel surface 2.01 square meter
sliding direction Joint set 1

Table 4.8 Maximum key block JP=301 of Tptpul
key block JP code 101 or 301

key block volume 0.26 cubic meter

area in tunnel surface 1.28 square meter

sliding direction joint set 2

Table 4.9 Maximum key block JP=131 of Tptpul
key block JP code 101 or 131

key block volume 0.49 cubic meter

area in tunnel surface 2.03 square meter

sliding direction joint set 2
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5. Key Block Areas on Tunnel Surface Joint Trace Map
For the rock falling, key block analysis is under the following basic assumptionsy:
[1] The joint length of fresh rock masses from the excavated tunnels is used as input data.
[2] The joint strength of fresh rock masses from the excavated tunnels is used as input data.

[3] The key blocks only lie in one side of each joint set. However, the key blocks located in two
sides of only one given joint set are considered.

Based on the joint spacing, joint length and joint bridge, the joint traces on the curved tunnel
surface are produced statistically.

Table 5.1 Statistical joint set data of Tptpll case

joint set spacing: m length: m bridge: m
joint set 1 .30 1.8 .1
joint set 2 .30 2.4 1
joint set 3 .50 1.8 1

Table 5.2 Statistical joint set data of Tptpul case

joint set spacing: m length: m bridge: m
joint set 1 .30 1.8 .1
joint set 2 .30 2.4 1
joint set 3 .50 1.8 .1

The input files and results of Figure 5.1 to 5.14 are the following:

Table 5.3 Input files of tunnel joint trace map
Program UJNO file UJNS1 for Tptpll
Program UJNO file UJINS2 for Tptpul

It has been assumed here that the joints having traces in the tunnel surface extend sufficiently
far behind the tunnel surface as to form blocks by their mutual intersections. It has been proved
that if the joints do thus extend behind the tunnel surface, the three dimensional key blocks of
the tunnel can be delimited by operating only with the joint traces exposed on the tunnel surface.

Then using key block theory, the key block zones are delimited from the curved polygons of the
unrolied joint trace map.

Figure 5.1 is the diagram which shows the way the tunnel, including the Tptpll joint sets, is
unrolled.

Figure 5.2 is the statistically produced unrolled joint trace map of the whole tunnel for the Tptpll
case.

Figure 5.3 is the key blocks on the unrolled joint trace map of the whole tunnel for the Tptpll
case.

Figure 5.4 is the three dimensional far side view of statistically produced joint traces for the Tptpll
case.

Figure 5.5 is the three dimensional far side view of key blocks for the Tptpll case.

Figure 5.6 is the three dimensional near side view of statistically produced joint traces for the

Tptpll case. Q{j\/{) @ /} M;(&\J
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Figure 5.7 is the three dimensional near side view of key blocks for the Tptpll case.
T S ——1T . . . . T
—_ Figure 5.8 is the diagram which shows the way the tunnel, including the Tptpul joint sets, is
"\-ﬁ e e——————— unrolled. ssses]
eem——————— Figure 5.9 is the statistically produced unrolled joint trace map of q e
: - p of the whole tunnel for th tpul —
N e case. v v he Thtoy
: P Figure 5.10 is the key blocks on the unrolied joint trace map of the whole tunnel for the Tptpul T
! case. [ER——
S— e
[E—— Figure 5.11 is the three dimensional far side view of statistically produced joint traces for the o]
Tptpul case. ‘
Bwe— . . . . —
Figure 5.12 is the three dimensional far side view of key blocks for the Tptpul case.
L“"E o —————— Figure 5.13 is the three dimensional near side view of statistically produced joint traces for the
o Tptpul case.
Figure 5.14 is the three dimensional near side view of key Dblocks for the Tptpul case. —
1 Table 5.4 Tptpll key block zones ]
- JP code key bloczk area, sliding joint set B
;‘ 311 9.81 M 1 JA—
031 7.70 T 1
— 301 11.19 m? 2 A
. N 131 5.88 1M 2
. ~
(»—— Table 5.5 Tptpul key block zones
} JP code key block area sliding joint set T
- —_ 311 17.03 M2 1
; 031 13.82 m2 1
ja— 301 26.29 m2 2
~—— 131 5.42 1 2 T
T Table 5.6 Total key block area
case total key block area percentage with tunnel surface T
Tptpll 34.58 m2 891 % M-
- Tptpul 62.56 m2 16.12 %
B R |
____ The key block area on the tunnel walls are form 8.91 % to 16. 12% of the whole tunnel surface.
— These key blocks can fall shortly after the tunnel excavation. ‘
P ————————
N e — 6. Long Term Rock Falls after Tunnel Excavation ——
R e S For long term rock falling, key block analysis will be under the following basic assumptions: T
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Figure 3. 4 Case 1 thermal load rock falling aftér 6 seconds

| ! S

Figure 3. 6 Case 1 thermal load rock falling after 10 seconds
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Figure 7. 8 Case 3 thermal load rock falling after 14 seconds
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Introduction of the DDA computation

The differences of the DDA computations between this report and the previous DDA
computations of the report #2 are the following:

[1] The tunnel bearing (horizontal tunnel direction) changes from N 105 ° E to N
° E. Therefore the joint directions in the tunnel section plan can be substantially

different. The rock falling will be different.

[2] The thermal load has been applied in this DDA computation. The rock falling
without thermal load is compared with the rock falling with thermal load.

Also there are two miner changes, which may not influence the resulting rock falling
at all:

[3] The minimum distance of nodes changes from 0.25 to 0.23. Smaller blocks are
allowed for this DDA computation.

[4] The bridge of the first joint set changes from 0.4m to 0.3m. Here the joint bridge
is the same as the joint spacing.

1. Explanation of Two Dimensional Dynamlc DDA
with Earth Quake Load
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| The “DDA” is the abbreviation of discontinuous deformation analysis. From mathe- : L o for “{h()le block systerr}s. ,The discontinuous deformation analysis (DDA) has to fulfill —
—— matical point of view, DDA is block system version of FEM. It is also true that DDA M{’” physical laws of both inside a block or between blocks. A
is discontinuous version of FEM. The DDA is for the computation of discontinuous L‘ﬂfﬂ T . . For long term analysis, massive rock collapsing often are block system movements: —
block systems. The DDA blocks can be convex, concave or complex blocks with any L\r’”‘ m———{ all blocks move simultaneously, different blocks have different sliding directions. The m—
| number of edges. ! oo multi-block rotation such as toppling or buckling can be computed by DDA method. s
i "“-—\f”‘
The DDA uses time steps for statics, pseudo-statics, pseudo-dynamics and dynam- ! e I'”w - |
ics. At the end of each time step, two different kinds of equilibrium are reached by _ —_— 2. The Geometry and Mechanical Data of }.Www
o minimizing the total potential energy. ' - Dynamic DDA Computation !
‘ -~ g Y- ‘ Y [
: N , . , | ‘
! The first equilibrium is the equilibrium between blocks. The forces acting on each N The Yucca mountain rocks are jointed rock with considerable strength. The rock AR
| block, from external loads or contacts with other blocks, satisfy the equilibrium equa- falling is basically controlled by existing joints. Therefore the Yucca mountain rocks L
! tions. e are suitable for the applications of DDA method. :
! The second equilibrium is the equilibrium is for each individual block. This equilib- | ;
! T rium is achieved between external forces and the block stresses. G The joint sets and mechanical parameters are the following: ” )
Based on natural contact phenomena, an “entrance theory” was developed. The T
“open-close” iterations ensure that no tension and no penetration occur at all entrance P Table 1. Joint set data
positions and all time steps. There are three entrance modes: open, sliding and IE—— joint, set dip angle dip d. friction angle  cohesion o
locking. Coloumb’s Law is also fulfilled at all entrance modes, all entrance positions joint set 1 79 © 270° 39 © 0 ton /m2 R
and all time steps. _ joint set 2 81 ° 230° 39 ° 0 ton/m? S
; I .. o o o 2
- In spite of the complex shape of DDA blocks. DDA method uses analytic integrations joint set 3 5 45 39 0 ton/m R
| for all of its matrices. This is another difference from FEM. FEM basically uses Based upon the statistics, the joint geometric parameters are the following: -
i numerical integrations inside of each element. L
i The DDA uses simplex integration. The simplex integration can compute ordinary — Table 2 Statistical joint set data —
integrations without subdividing 2-d domains to triangles. Using simplex integration, : joint set spacing: m length: m bridge: m
the integration of any n-dimensional polynomials can be represented by the coordi- joint set 1 30 m 1.8 m 30m o
R nates of boundary vertices of generally shaped blocks. joint set 2 30 m 24 m 30m R
The cuarrent version of DDA is first order. The displacements of each point inside a Joint set 3 50 m 1.8m 50 m AE—
block is linear function of coordinates (x, y). Therefore the stresses and strains inside \mwm e The geometry of the tunnels are the following:
of each block are constant.
} DDA computation offers the movements, stresses and strains of each block. The - ) Table 3. Tunnel data -
computed block displacements are often large enough to be visible, the modes of bearing angle of tunnel axis 75 © .
E failure and the final damage can be seen directly. [~ rise angle of tunnel axis 0°
i P B S - . —————
| On the other side, the DDA codes can perform traditional limit equilibrium analysis o tunnel diameter 5.5 meter X
; [ S — e
‘ - o\ - - ( =—Z ~—p - . : S
L C ‘ﬁ«( %\ 930 T | . <-«D/; Gronr- 7
i | . | . _— - ‘ : ) | \ O
| \ A \ . | _ { x \ \
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tunnel shape circular

Based on the geometric data of Table 1, Table 2 and Table 3, program DLO0 produces
the joints and tunnel boundary lines.

From the joint and tunnel boundary lines, program DCO produces the block system.

The block system is the geometric input of program DF0 and DF1.

The mechanical parameters of both rock masses and joints are the following:

Table 4. Mechanical data

unit weight 2.27 ton /m 3

E of rock mass 3000000 ton /m 3
V of rock mass 0.21

number of time steps 20000

time step 0.0010 second
earth quake duration 20 second

joint friction angle 39 °

cohesion 0 ton /m 3

Based on the mechanical data of Table 4, the program DF0 computes the time de-

pending block movements and block stresses. The process of block falling can be
shown.

3. The Earth Quake and Thermal Load of
Dynamic DDA Computation

For this computation, the earth quake data of Yerba Buena island tunnel between
San Francisco and Oakland are adapted. These acceleration data are from California
Department of Transportation. The original data are 50 seconds, our computation
only uses from 10 second to 30 second. However these 20 second data are the main
part of the strong earth quake.

In DDA computation, as a extension of Mewmark method from one block to multi-

blocks, the earth quake accelerations are applied as body forces.

Figure 1.1 shows X and Y components of the time depending earth quake acceleration

data.

Figure 1.2 shows Z components and the resultants of the time depending earth quake
acceleration data.
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Program DF1 transfers thermal load to initial stresses. The thermal initial stresses

are applied gradually following time steps. The thermal load data are the following:

Table 5. Thermal load for thermal modeling

temperature rising 150 ° ¢
7.5x10 78 o ¢

from 0 second to 2 second

thermal expansion rate
temperature rising time
earth quake time from 2 second to 22 second

temperature falling time from 17 second to 22 second

The mechanical data of Table 5 and the data of Figure 1.1 and Figure 1.2 are the
input data of the programs DF0 and DF1. Programs DF0 and DF1 compute the time

depending block movements and block stresses under earth quake and thermal load.

. The process of block falling can be shown.

4. Case 1 of Rock Falling DDA Computation
with Earth Quake and Thermal Load

The programs and input files for the case 1 are the following;:

Table 6. Programs and input files of case 1

file description earth quake only with thermal load

joint forming data dls10 dls10
joint forming code dio dio
block forming data desl0 des10
block forming code dc0 dc0
mechanical data dfs10 dfsi1
mechanical code dfo df1
earth quake data qks0 gksl

Figure 2.1 shows the joints of case 1. The joints are statistically produced on the

tunnel section plane based upon the joint length, joint spacing and joint bridge on
Table 2.

Figure 2.2 to Figure 2.12 show the rock falling of case 1 for each two seconds of the
DDA computation. In the computation, the earth quake load is applied.
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