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ABSTRACT

<

;
,

L FLAC (East Lagrangian Analysis of Sontinua), Version 2.20, is a
i two-dimensional, large-strain, explicit finite difference code

written for analysis of problems in geotechnical engineering. |
FLAC has the ability to perform static mechanical analyses as t

well as transient heat transfer and fluid flow simulations.
Various constitutive models are available to describe linear and t

,

non-linear response of the solid. Coupling can be performed be- ,

p tween the thermal and mechanical, as well as the fluid and me- |

chanical, models. The following report presents the documenta-
tion specified in NUREG-0856,' Documentation of Computer Codes forg

' High Level Waste Management. The documentation is presented in
three volumes. Volume 1 contains the mathematical basis for the
various aspects of the code; Volume 2 is the code User's Manual, >

and Volume 3 presents FLAC verification, example and benchmark
problems.-
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3.1-1

3 '.1 INTRODUCTION.

This document is the third in a series of three volumes which
provide documentation on the code FLAC, Version 2.20, as pres-
cribed in NUREG-0856, Final Technical Position on Documentation
of Computer Codes for High-Level Waste Management (Silling,
1983). Volume 3 provides documentation on the assessment and
support of FLAC for mechanical, thermal and' fluid flow analyses
of geotechnical materials. Section 3.2 of this volume presents
verification problems in which FLAC is compared to analytical
solutions for problems in mechanical, thermal and fluid flow an-
alysis. These problems are given to provide assurance of che
correct operation of the various component parts of the FLAC pro-
gram. Section 3.3 provides example problems. These problems are
necessarily more complex than those presented in Section 3.2 and,
therefore, have no analytical solutions. The problems chosen ex-
ercise the features which are commonly employed in geotechnical
analysis. Section 3.4 presents a benchmark study in which FLAC
was compared to a variety of existing numerical models for the
thermomechanical analysis of the steady-state creep of salt to
nuclear waste disposal. This benchmark is commonly referred to
as the "Second Problem". . Finally, the procedures used by Itasca
Consulting Group in the development and testing of FLAC are pre-
sented.

Reference

Silling, S. A. Final Technical Position on Documentation of Com-
outer Codes for Hich-Level Waste Manacement. U.S. Nuclear Regu-
latory Commission, NUREG-0856, June 1983.

|
|
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3.2 . VERIFICATION, PROBLEMS<

'

,The''following verification analyses compare.FLAC to analyti-'

cally-derived solutions for a variety of mechanical, thermal
and fluid' flow problems.
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!' 3.2.1': Mschanical. Problems.
,

* 'The following verification analyses compare FLAC to analyti-s
.

,

'cally-derived solutions for a variety of mechanical problems..- '!
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i 3.2.1.1-1,

3.2.1.1- gvlindrical Hole ~in an Infinite Body for Elastic
,

and Mohr-Coulomb Materigla
.

Problem Statement
' '

.This problem concerns'the determination of stresses and displace- i

ments for the case of a cylindrical hole in an infinite elastic, ,

elasto-plastic or transversely-isotropic media subject to in-situ
stresses.

Purpose

The purpose of this problem is to compare the performance of FLAC
on an elastic, elasto plastic and transversely-isotropic problem-

with an analytical solution.

Problem Specifications

A cylindrical hole exists in an infinite body under a uniform in-
situ compressive stress of 30 MPa. For the elastic solution, the
following properties were used.

,

shear modulus (G) 2.9 GPa

bulk modulus (K) 3.9 GPa

density (p) * 2500 kg/m3

For the elasto-plastic solution, the elastic properties remained
the same and the strength parameters listed below were also in-
cluded.

friction ($) 30'

cohesion (S) 3.45 MPa

*not necessary for solution

!

|
|

|
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For the transversely-isotropic solution, the following initialt ,

conditions 1and properties are used:-, ,

Ex - 0.976e6 Pa
ii Ey = 0.953e6 Pa~-

Gxy = 0.1103e6 Pa, ,

vyx = 0.167

vzx = 0.165

oxx = 0.5e6 Pa

o y = 1.0e6 Pay

Assumptioits

The cylindrical hole is assumed to exist in a homogeneous, con-
tinuous,' infinite media subject to plane strain conditions. The i

. material is either linearly elastic, transversely-isotropic or,
in'the.elasto-plastic case, perfectly plastic after undergoing

.

Mohr-Coulomb failure. It is assumed that the problem is sym-
metric about both the horizontal and vertical axes. Further, it
is' assumed that the radius of'the hole is small compared to the
. length'of the cylinder. This assumption permits the'3-D problem
to be~ reduced to a 2-D plane strain problem.

<.

I

Analytic Solut' ion

For a cylindrical hole in an infinite elastic media under plane
strain conditions (Fig. 3.2.1.1-1), the radial and tangential .;,
stress distributions are given by the Kirsch Solution (Kirsch,
1898). ,

1

I Pl+P2 Pi-P2 4a2 3a3 -
'

- - -

1-e2 r2 + 1- + cos20 |/or=
2 2 r2 r4 -. . -

L
-

l

<

L
'

'' P1+P2 P1-P2~ ' ~

og = 1+a2 r2 1 + 3a4 r4 cos20 l'// -

2 2 .. .

;

1

Pl+P2 * a2 r + P1-P2 * a2 r 4 (1-V) - a2 r2 cos20
|

/ / /ur= 1

;
4G 4G - .

)

-_ _ - - _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ - - _ - _ _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ -
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( Fig. 3.2.1.1-1 Cylindrical Hole in an Infinite Medium
;

.Since the tunnel is assumed to be under a uniform stress field ,

(i.e., p1=p2), the stress field can be normalized by in-situ '

! stress and the radial displacement normalized by the radiuJ of i
( the holet

i

o /p = 1-1/r2 |r

og/p = 1+1/r2
,

' pa L

u /a = ,r 2Gr *

t
,

.

where p is the in-situ stress, |
"

1

'

a is the. hole radius, and

G is the shear modulus, i

i

In the elasto-plastic case, the thickness of the plastic zone is
(R - a), where R is the radial distance to the elasto-plastic in- i

terface. The analytically-determined yield zone radius, R, is
given by a theoretical model proposed by John Bray (Goodman,
1980):

[

2p qu + (1 + tan 2 (45 + $/2)) S cot $ 1/0'

R=a
| (1 + tan 2 (45 + $/2)) (pi + S cot $)- -

1'

|
L

|

|.

1 >

F
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j . 4g

tan (45 + $/2)j- where Q= - 1,
L tan (45 - $/2)
L
l' |

qu the unconfined compressive strength, or |a

2S tan (45 + $/2), l

S = cohesion,
|

$ = friction angle, and
.i

Pi.= internal hole pressure, which is zero, j

!

Material at a radial distance less than R is plastics greater |
than R is elastic. |

1

The stresses in the elastic and plastic regions can be determined ;

as given by Bray's solution (Goodman,1980) . The stresses in the i
. elastic region are given by ;

I
c /p = 1 - b/pr2 i
r

i
.

og/p = 1 + b/pr2 |

i
!

where .

- (tan 2 (45 + $/2) - 1) p + qu !'

-b= R2 |

!tan 2 (45 + $/2) +1 --

1

!

In the plastic region, the stresses are given by !,
'

,

i

~pi + S cot $ ' 'r.0 3 cog 4 !
!Or/P " - ~

p .a. p |..

|

'r"O S cot $ '
'pi + S cot $ '

' '

tog/p = Q+1 - -

.a. p jp . . ..

!
i

!

:

I

;
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,

'

i

Since it is assumed that~there is no internal pressure (i.e., j
L< pi = 0) , and dimensions are' normalized to the size of the hole

{
'

b i.e., a = 1), j,

b'
Ir

k o /p = cot $ (r2 - 1) |r
i p
! !

!

! 06/p = cot $ ((0 + 1) r2 - 1) |
[ p !

!,

Finally, the analytical results for the displacements around the |
periphery of a circular hole in a biaxial stress field for a t

transversely-isotropic media are given by Eissa (1980) . The re- |
sults are given in tabular form in the comparison to the FLAC so- !

lution presented later. !
:

\
Computer Model

j
'

Only a quarter of the problem needs to be modeled in the FLAC an-
alysis because of symmetry. The boundary conditions applied to ,

the model are shown in Fig. 3.2.1.1-2. The area representing a i
quarter of the problem was divided into finite difference zenes, '

as shown it Figs. 3.2.1.1-3 and -4. A total of 900 quadrilateral |.

zones are used in this grid. The location of the boundary was i
varied to illust ate its effect on solution accuracy. Pressure .!
equal to the.in-situ stress was applied to both free faces of the :

model,-and the zones were allowed to come to stress equilibrium .i
throughout the mesh prior to excavation of the hole. The problem :
was stepped 1000 times, using only the elastic material model, to t

ensure equilibrium conditions were achieved. .The procedure was }
repeated for the Mohr-Coulomb yield model. For the transversely-

'.isotropic model, 3000 timesteps were used. j

i
a

,

i

:
!
.I
1

I

|

I

i

i
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Fig. 3.2.1.1-2 Model for FLAC Analysis of Cyclical Hole in an j
Infinite Medium
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Fig. 3.2.1.1-4 7,one Geometry in Region Around Hole

The problem was re-analyzed using the axisymmetric logic in
FLAC, for both the elastic and the elasto-plastic cases. The lo-
cation of the boundary and conditions at the boundary were the
same. Figures 3.2.1.1-5 and -6 show the axisymmetric geometry
and boundary conditions used. The number of zones van greatly
reduced and calculation timesteps were correspondingly decreased. 1

,

we of symmwy
.
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f

Fig. 3.2.1.1-5 Axisymmetry Model
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Fig. 3.2.1.1-6 FLAC Axisymmetric Zone Geometry.

;

Results

'Figure 3.2.1.1-7 shows the elastic radial and tangential stresses
as-a function of radial distance as compared to the analytic so-
lution, while Fig. 3.2.1.1-8 shows the same for displacements. !Figure 3.2.1.1-9 shows the stresses for the elasto-plastic solu-

i
tions. Figure 3.2.1.1-10 shows the plastic zones generated in
the elasto-plastic case. Table 3.2.1.1-1 shows agreement at four

i

,

locations along a radial line outward from the hole. The results i

are discussed in the following section. i

Figures 3.2.1.1-11 through 3.2.1.1-13 and Table 3.2.1.1-2 show I
equivalent information for the axisymmetric solution. !

!

,

,

I

,

r

a

i
!
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Table 3.2.1.1-1
.

COMPARISON OF FLAC RESULTS TO ANALYTICAL SOLUTION

*

.N w mehood
Normehead

eWelBerees Tongentiel krees |
Mosial t4 PLAC Analylleel % Erret PLAC Analylleel % Error i

,

Electic t.08 0.794 0.7M 4.M 1.tM 1.tM 4 46 '

:: :::" ::",' ::| f |
'" *"

7.78 0.994 0.983 1.12 1.021 1.010 0.49

Pleelic 2.06 0.600 0.576 4.17 1.388 1.4N 2.63
; 4.12 0.914 0.tM t.24 1.090 1.108 0.83 !
| 8.31 0.en 0.ou 1.n i.we i.ws 0e

7.76 0.987 0.970 1.76 1.036 1.030 0.64 '

-< .e- e _ ,
;

Eteetc 1.00 0.00601 0.00617 4.22 '

i 1.93 0.00121 0.00133 0.021

>

3.99 3.000603 0.000606 7.17 '

EM 0.000630 0.0006M 0.79

|

,

_ _ _ _ _ _ _ _ _ - - _ . _ - - - - - - _ _ - _ - _ - - _ _ _ _ _ - _ - _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ .
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(Figure 3.2.1.1-9 shows comparison of yield zone
radius, FLAC vs analytic solution.) |
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Table 3.2.1.1-2

COMPARISON OF AXISYlWITRIC FLAC RESULTS TO ANALYTIC SOLUTION *
|

t

Normeksed Normehood
heatel Strote forgential Strees'

necesi tm PLAC ' Anelpical % Error FLAC Anelpleal % Erret

flestle 2.00 0.779 0.771 1.04 1.230 1.tM 0.01
!
'

3.97 OM8 0.937 0 98 1.073 1.063 OM

8.12 CDt3 0.973 1.03 1.037 1.027 0.97 |

7.90 0.994 0.9N 1.02 1.036 1.018 0 99 i

Plasuc 3.00 0397 0 600 1.38 1.4 H 1.411 143 .

3.97 0 901 0486 1A9 1.133 1.114 1.71

6.12 0.000 CD52 1,79 1.066 1N8 1.72 ;

!

7.90 0.999 0.972 1.76 1N8 1.0H 1.76

i
Normonaed

And6el Displacement

Elastic 1.00 0.00623 0.00617 1.18

f.01 0.00M4 0.00P67 2.72

4.13 0.00130 0.00126 10.4

$N 0.00108 0.000486 19.77 |

!

;

!
,

' Note that large error in displacement at large r/a is a result
of the use of a pressure boundary condition. Improved results -

can be obtained using fixed displacement far-field boundary con- ,

ditions. ,
,
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s
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Comparison to x- and y-displacements at various locations around
the hole for the transversely-isotropic problem is shown in Fig.
3.3.2.1-14. The angle, 0, refers to the angle counterclockwise
from the horizcntal. The maximum error occurs in vertical (y)
displacement at 0 = 90', and is less than 3%.

'
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!

Fig. 3.2.1.1-14 Displacements at the Hole Wall for Various
Angles Taken Counterclockwise from the

,

Horizontal for the Transversely-Isotropic Case
,

,

Discussion |

The stresses from the FLAC analysis show close agreement (<2%
elastic, <5% elasto-plastic error) to those given by the analy- )
tical solution. For the purposes of this problem, the same
geometry was used for both the elastic and the elasto-plastic '

solution. Error in the elasto-plastic case could be reduced by
increasing the number of zones in the expected yield zone and by

_

extending the boundaries to 15 or 20 hole radii. However, if a !
rough stress analysis is all that is required, both problems (es-

1

pecially the elastic case) probably could be scaled down consid- '

erably.

!

,
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l

!

|
Some displacement reoults show a larger disagreement (<10% error) |
with the analytic solutions. Due to the finite size of the model :

(10 radii), the pressure boundary used to simulate the in-situ !
stress of an infinite media would be expected to cause a discrep- I
ancy in displacement, and this is the result seen from FLAC. If I

more accurate displacements are desired, the boundaries of the ;

problem could be extended to reduce their effects. A radial grid '|
configuration could also increase agreement, as the rectangular
grid used is not particularly well suited to the geometry (Radial 1,

grid results should be comparable to axisymmetric results; see ,

below.). The transversely-isotropic displacements show excellent
agreement with less than a maximum 3% error on displacements at
the hole wall.

This problem also provides an example for the use of FLAC's axi- -

symmetry logic. For the axisymmetric case, all stresses were i

within 2% of the analytic solution. The results show that com- t

parable results are obtained with a considerably smaller number !
of zones, and thus a much shorter calculation time. The dis-
placements near the hole radius are more accurate using axisym- ;

metry (< 3% error up to 2 tunnel radii) than the normal 2-D case, !

though displacements deviate closer to the far-field boundary, as .

is expected from the pressure condition. Using axisymmetry and !

the same number of zones as in the normal 2-D case, the boundar-
ies could be extended considerably with the result of much more i

accurate displacements over a greater range. !

:
!

Reference
,
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Isotropic and Stratified Rock Using the Boundary Element Method," '

Ph.D. Thesis, Imperial College of Science and Technology, London,
1980. j.
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John Wiley and Sons, 1980.

Kirsch, G. " Die Theorie der Elastizitat und die Bedurfnisse der
Festigkeitslehre," Veit. Ver. Deut. Ing., 12, 797-807 (1898).
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|
r

Data Input File .

!

Elastic Model

i .e ** ...****** **** ......****************e.. ************* e**

FLAC Verification Problem - Circular Hole in an Elastic Body'*
en*****.**.e ......*****na.... ***en............**** n**en n****

( tit
L Hole in elastic medium

* 900 Zones in grid
,

i gr 30,30 |
*

* Elastic material I
*

i

me

Put boundaries at 10 Radii, concentrate zones near hole

gen 0,0 0,10 10,10 10,0 rat 1.1 1.1 -

*
;

* Create hole boundary

gen are 0,0 1,0 90

* Material properties

prop s=2.9e9 b=3.9e9 dens =2500

* Initial hydrostatic stresses

ini sxx=-30e6 syy=-30e6

Boundary conditions for quarter-symmetry

fix x i=1
fix y $=1 ,

*

* Pressure conditions for infinite boundaries
'

*

apply press 30e6 i=1,31 j=31
apply press 30e6 i=31 j 1,31

|

|
|

|
1

|
_ _
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* Histories
a

his nste=1
his syy i=1 j=11
his sxx i=1 j=11

._, his ydis i=1 j=11
3 ,

* Let system come to initial equilibrium state
,

l'

solve
*
* Excavate hole
a

mod null region =1,1

* Step to equilibrium

step 1000
*

* Save state
*

save ehole210.sav
* end of problem

.
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Plastic Model

................................................................
b * FLAC Verification Problem - Circular Hole in an Elasto-Plastic |(Mohr-Coulomb) Material, Hydrostatic Initial Stress

!
*

................................................................ -

! tit i

Hole in elasto plastic medium
|

| 900 Zones in grid '*
,

gr 30,30
.

Elasto-plastic material .

*

!
i mm i

e

* Put boundaries at 10 Radii, concentrate zones near hole
,

gen 0,0 0,10 10,10 10,0 rat 1.1 1.1
. ,

* Create hole boundary !*o

gen are 0,0 1,0 90
,

.

* Material properties
,

prop s=2.8e9 b=3.9e9 cens=2500 fric=30 coh=3.45e6

* Initial Stress !
,

ini sxx=-30e6 syy=-30e6 :* >

* Boundary conditions for quarter-symmetry
fix x i=1
fix y j=1 i* ;

* Pressure conditions at infinite boundaries ;

apply press 30e6 i=1,31 j=31
apply press 30e6 i=31 j=1,31
,

| >

,

i
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, <.

* Histories
e

his note =1 |
his syy i=1 $=11

'' his sxx-i=1 j=11
' his ydis i=1 j=11 .;
*

. i

L . * Let system come to equilibrium, prior to hole excavation !

j. .
solve ,

* l

* Excavate hole ;

i*
mod null region =1,1 !* !
* Solve for elastic equilibrium

!*
step 1000 I

* i

* Save state |
{t

save phole210.sav ;

end of problem*

i
!

't

!

t

f
!
>

i

!
'
,

!
f
|

!
i
?.

I(

I

i
!

h

~f

-|

.!
!
l

!
'

I
1 \
L :

| |

| |

[ i
i

+ ,, , , , , ,- ,, _- .- - . , - . . ~ . . . , . , . - - - , - , , . . - - - ,
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k

! Elastic Model -- Axisymmetric

i ...........c ..... *** . ***** .****** ........................ **

[ FLAC Verification Problem - Circular Hole in an Elastic Material*

[ * Axisymmetric Model
....****..........................................................

'

tit
Cylindrical Hole in an Elastic Medium, Axisymmetric Analysis

{ 3et FLAC to axisymmetric model
|

*
-

.

I config ax |;
; * i

Create gridL *
.

<

gr 31,1 f
* '

* Material model
.

*me
!

*

Contract grid to fit geometry*

i
'gen 0,0 0,1 1,1 1,0 i=1,2 j=1,2

gen 1,0 1,1 10,1 10,0 rat 1.1 1 i=2,32 j=1,2

Material properties |
*
,

prop d=2500 sh=2.9e9 b=3.9e9
* ;

Fix boundaries and set initial hydrostatic stresses in 3-D*
. ,

fix y j=1,2
;

ini sxx=-30e6 -

ini syy=-30e6
.

ini szz=-30e6 '

*
t

Apply pressure to outer boundary i
*

*

apply press 30e6 i=32

Let system equilibrate before excavation !
*
,

solve
*
* Excavate tunnel and step to elastic equilibrium ;

'

mod null i=1,j=1

,

t
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l

|
)

step 1000
e

a save state
* )

<save shax2.sav 1

end of problem*

i

g
sy
,
I

L
.y-

J-
1
i'

1

y .

r
'

.

i

j-

t

4

y

!
c.
t

1 i
i

. |

tt
I

:
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&
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<

i

Plastic Model -- Axisymmetric
! ...............................................................e.

* ? LAC Verification Problem - Cylindrical Hole in an Elasto-
.* Plastic (Mehr-Coulomb) Medium, Axis[

sene****** ..e**. ....***......... **ymmetric Analysis j'

. ...***.****............... |

tit
Cylindrical Hole in an Elastic Medium, Axisymmetric Analysis I

<

*
,

i' Set FLAC to axisymmetric logic*
*

config ax '

.

Create grid*
a

gr 31,1
* t

Mohr-Coulomb material model*
e

mm
.

Contract grid to fit geometry*

gen 0,0 0,1 1,1 1,0 i=1,2 j=1,2
gen 1,0 1,1 10,1 10,0 rat 1.1 1 i=2,32 j=1,2

Material properties*
. ,

prop d=2500 sh=2.9e9 b=3.9e9 fric=30 coh=3.45e6

Fix boundaries and set initial stresses in 3-D*
*

fix y j=1,2
ini sxx=-30e6
ini syy=-30e6
ini szz=-30e6
.

Apply pressure to infinite boundary*

,

apply press 30e6 i=32

* Let system equilibrate under initial stresses
* ,

| solve '

.

.

6

I

!

__ _
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'

'

jo ,.y

* - Excavate tunnel in pre-stressed body and step to equilibrium. |
''

'
,

e a

mod' null i=1,#1: |
step 1000 !

.
.

'|* '

-* Save state . !'

* ' !
save phax2.say

.

!

'* end of problem j,

j.' i
. .

,.
.
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{

[
l

;

!.2
..

d
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i

,

i Transversely-Isotropic Model

....... .......u.............................................,

l * FLAC Verification Problem - Circular Hole in a Transversely
* Isotropic, Elastic Medium
.......... ****............**...... **** .......***..........

. tit

Hole in transversely-isotropic elastic medium

? * Grid
.

gr 30,30
*

,

}
.

* Anisotropic model
*

!h m anis I
* 1

,

* Stretch grid and form tunnel 1,

gen 0,0 0,10 10,10 10,0 rat 1.1 1.1 |
gen arc. 0,0 1,0 90

.

* Properties !

e

prop s=.1103e6 xm=.976e6 ym=.553e6
prop nuy=.167 nuz=.165 dens =2000 i

* Initial and boundary conditions '

* '

ini sxx=-0.5e6
ini syy=~le6 i
fix x i=1 !

fix y j=1 t

apply. press le6 i=1,31 j=31
apply press 0.5e6 i=31 j=1,31 '

* Histories '

.

his nste=10
his syy i=1 j=11 ,

his sxx i=1 j=11 !

his ydis i=1 j=11 i
-.

* Set up initial stress state

solve
*

:
.

6
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'..

(, * Excavate hole in pre-stressed body
'

.
'

mod null region =1,17:

L '* Step to equilibrium-
step 3000, !# -

* I

' * Save !
* -|I,
save chan.say i

.;" .* end of problem e

' ;
i,

!

.

i
'i
)

!
i
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i
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!

3.2.1.2 Bearina Caoacity of a Rouah Footino on a Cohesive
Frictionless Soil !

i
Problem Statement |

t

The prediction of collapse loads under steady plastic flow condi- !
tions is one that can be difficult for a numerical model to simu- t

late accurately (Sloan and Randolph, 1982). A simple example of I
a problem involving steady flow is the determination of the bear- }
ing capacity of a strip footing on a cohesive frictionless soil. -

The bearing capacity found is dependent on the steady plastic :

flow beneath the footing, and so provides a measure of the abil- |
ity of the code to model this condition. |

~

c,

obiective .

The objective of this problem is to test the plasticity model un- :

der steady plastic flow conditions. .

i
i

Problem Specifications |
|

The strip footing has a half width of 3.1125 m and is located on ;

the surface of the soil, represented by an elasto-plastic medium
with the following properties:

:

density (p) 1000 k /m3g

shear modulus (G) 30 MPa

bulk modulus (k) 100 MPa i

cohesion (S) 100 HPa :
!

friction angle ($) 0 |
;

!

Assumptions

The footing material is assumed to be homogeneous, isotropic,
weightless and continuous. The soil is assumed to behave as a .

frictionless, linearly-elastic and perfectly-plastic solid. The :
soil medium is semi-infinite, and its behavior is assumed to be
symmetric about the footing centerline. The analytic solution

,

which follows assumes that all displacements and strains are
small,

.- -
- _ _ _ _ _ _ _ _ .
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i-

I Analvtical Solution

| The bearing capacity from the solution to "Prandtl's Wedge" is
F given by (Terzaghi and Peck, 1967):

,

q= (2+x) S
or

| |q = 5.14S
,

where q is the bearing capacity stress at failure, and

S is the cohesion of the material.
:

The solution is based on the mode of failure as shown in Fig.
3.2.1.2-1.

Collapse Load
q = (2 +tr)s

IlllllIl
wws s' s s' s s' so u ps

\ / s If / \ /\ / \ / \ /7V7U4
s s -
w~.. ' s_,'

Fig. 3.2.1.2-1 Prandtl's Wedge Problem of a Strip Footing on a
Frictionless Soil

Computer Model
.

For the FLAC analysis, the material was discretized into quadri-
lateral, finite difference zones as shown in Fig. 3.2.1.2-2.
These zones were concentrated in the area beneath the footing. A
symmetry (roller displacement) boundary condition was placed on
the left side, and the right side and bottom were sufficiently
far away to simulate infinite (pinned displacement) boundaries.
A constant downward velocity was applied to the area representing
the footing. Figure 3.2.1.2-3 shows the FLAC problem geometry
and boundary conditions.
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Small strain analysis was used to be consistent with the analytic
solution and to allow the problem to come to equilibrium without
being affected by grid deformation. The reaction forces of the
gridpoints underneath the footing were taken at intervals and di-
vided by the area of the footing to determine the bearing capa-
city. The footing width tras taken to be the width over which the
constant velocity was applied plus one-half of the horizontal
width of the zone immediately adjacent to the loaded area. The
reason for this is that there is an indeterminacy in the " loaded"
area because velocity can only be applied to grid points.

Results

Figures. 3.2.1.2-4 and -5 show the model conditions at the end of !
the analysis. The behavior shown is very close to that expected
from Fig. 3.2.1.2-1. Figure 3.2.1.2-6 shows a history of norm-
alized bearing capacity versus normalized vertical displacement.
The final value was 5.25, an error of 2.14% when compared to the
expected value of 5.14.
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Discussion

The results shown ' indicate FLAC's. ability to model steady plastic
flow. 'The.model was not optimized in terms of problem size, dis-
cretization, or applied footing velocity. The size of the model~
was excessive; a height of 10 and a width of 15 at the same zone
density.would probably have.been sufficient. In fact, the exam-
ple shown in the FLAC manual,.which'used considerably less zones,
had an error of less than 1%.
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Inout Data File-

|
'

< ************************************************************ '

' *.FLAC Verification Problem -' Bearing Capacity of A Sand, - |
-

T *'Prandti's' Wedge |m *****************************************+****************a*-
tit
Prandti's Wedge <

*
* Create' grid

1
*

Lgr 30,30 -
,

.

1

,
*-

a
* Model Mohr-Coulomb-

!

m m' !
!*
.

* Properties
' ' *

prop s=.3e8 bole 8 d=1000 fri=0 coh=le5

* Stretch out grid boundaries
* i

gen 0,0 0,15 3,15 3,0 i=1,11
'

gen'3,0 3,15 40,15 40,0 i=11,31 rat 1.'1 1
*

* '* Boundary conditions
*

.

fix x i=1
fix x y j=1-
fix x y i=41
fix x.y i=1,11 j 31 '

*

* Velocity boundary condition to represent footing
*

'ini.yv=-5e-4 i=1,11 j=31
*

'* Histories
*

his nste = 1
his ydis i=1'3
*

L * Timestep
*

step 3000
*-

* Save. state -

1 *

L save beap.dat
I *'end of problem
L

*

,
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3.2.1.3 Circular. Tunnel in Dilatant and Non-Dilatant Mohr-
Coulomb Continuum for a Non-Hydrostatic Stress Field

Problem Statement

Crushing. failure is identified as an'important mechanism by which
unlined tunnels may fail. Crushing is treated as a static phe- q

nomenon and involves massive failure around the excavation due to ;
large-scale plastic flow. This verification example demonstrates |the ability of FLAC to model large-scale plastic flow. The veri- Ification was accomplished by comparing FLAC results to those from 1

a closed-form solution which accounts for plastic flow behavior.
9

The problem involves a circular tunnel subjected to a non-
hydrostatic static. load. The rock mass medium surrounding the
tunnel is treated as an elasto-plastic material with failure
defined by a Mohr-Coulomb yield function. The dilatency of the
material at failure is defined by the flow rule, which is charac-
terized by the angle of dilation. Here, the non-associated flow
rule in FLAC is used to model both fully-dilatant and non- ,

dilatant material behaviors.

Purpose

The purpose of this problem is to test the elasto-plastic mater-
ial model used to describe the non-linear deformational behavior
of large strain regions in FLAC. This example specifically ad-
dresses the ability of the code to simulate plastic flow cccur- '

ately. In particular, the non-associated flow rule is exa.nined.

Problem Specifications

A tunnel is excavated in a rock mass which is isotropic and
elasto-plastic. The following parameters and values are used to
describe the elastic and plastic behaviors:

Young's modulus (E) 11.72 GPa

Poisson's ratio (v) 0.25

cohesion (C) 9.9 MPa

angle of internal friction ($) 30'

|

L
. _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _
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I' The strength parameters, C and $, correspond to an unconfined,

t compressive strength, q, of 34.5 MPa. Two tests are performed to

i verify the representation of dilatency in FLAC. In the first
L test, no dilatency is permitted (i.e., the angle of dilation is

set equal to zero). In the second test, dilatant behavior is al-
p; lowed, with
,

! yt= $ = 30'

[ where yris the angle of dilation.
F

A 51 mm diameter circular hole is used for this example. A non-
hydrostatic loading path is applied as an external load starting'

with no initial stress. The major principal stress, 01, applied
in.the vertical direction, and the minor principal stress, 03,
applied'in the horizontal direction, are both increased simulta-
neously in steps to peak values of 01 = 86 MPa and 03 = b2 MPa.

; The loading is in steps, keeping the ratio of 01/03 constant at i

1.667. The load steps shown in Table 3.2.1.3-1 (expressed in ,

normalized form) were used. Tunnel closures (expressed as a per- j

eentage of the tunnel radius, a) are analyzed at the springline '

and the crown.

Table 3.2.1.3-1 ;

LOADING STEPS USED IN ANALYSIS OF CIRCULAR TUNNEL
IN A NON-HYDROSTATIC STRESS FIELD

'

01 + 03 c1 - 03
Step |q q

,

0 1.0 0.25
l

1 1.5 0.375 1
1

2 2.0 0.5

3 2.5 0.625 |

4 3.0 0.75'

5 3.5 0.875

6 4.0 1.0

|
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Assumptions

Assumptions which are implicit in the theoretical solutions in-
clude the following.

1. Plane strain conditions apply, with one of the
principal stresses aligned along the cylinder axis.

2. The material'is homogeneous, isotropic and weight-
less.

;

3. The excavation is made instantaneously.

4. The strain field is small compared to the area of f

the tunnel.

5. The material is elastic, perfectly plastic.

6. The stress field is non-hydrostatic, with 0 /031
constant at 1.667.

7. The loading is static, and the load path is inde-
pendent.

Analytical Solutions

'Two conventional closed-form techniques used for preliminary an-
alyses of circular tunnels subjected to far-field mechanical
loading are the solutions presented by Newmark et al. (1970) and
Hendron and Aiyer (1971). These solutions idealize the problem ,

as a static, two-dimensional analysis of a circular tunnel in a
hydrostatic stress field. The surrounding medium is treated as ,

an elasto-plastic material with failure defined by a Mohr-Coulomb
yield function. The. dilatency of the material at failure is de-
fined by the plasticity flow rule, which is characterized by the
angle of dilation. The Newmark solution assumes a fully non-
associated. flow rule (i.e., no dilatancy occurs at failure). The
Hendron and Aiyer solution assumes an associated flow rule (i.e.,
the angle of dilation equals the friction angle).

Detournay (1983) provided an extension to the solution for non-
hydrostatic loading by the development of a semi-analytical tech-
nique. This approach applies for arbitrary dilatancy of the ma-
terial and, therefore, makes the solutions of Newmark and Hendron

i
i

1

"
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and Aiyer special. cases of the Detournay solution. For this rea-
son, the Detournay solution was selected as a more rigorous veri-
fication test of FLAC.

It is important to. note that all three solutions are based on in-
finitesimal (small) strain theory, which assumes that the initial
geometry of a deforming body is not appreciably altered during
the deformation process. The consequence of this assumption is
discussed later.

Detournay developed a set of design charts which consist of con-
tours of springline and crown displacement. Figure 3.2.1.3-1
presents two charts, one for dilation angle equal to 30', and one
for dilation angle equal to zero. The normalized displacements
for any particular free field stresses can be read from the
charts by interpolating between the plotted contours. Radial
displacements (Ur) can be calculated from the normalized dis-
placements (U*r) from : ,

4

Ur*U "
r

2G

where G is the elastic shear modulus of the material.

Alternatively, the percentage closure (u ) can be expressed:
|

.

r
.

50g

r = -G Ur, (%)u --

|

I

L
'

l
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i , These displacements apply for the case of a tunnel excavation in
;

[- a rock mass previously stressed to the far-field stress state. j
The charts therefore calculate displacements due to the initial ;
state of stress. The displacements induced by additional exter-
nal loading differ from those calculated from the charts by an '

amount equal to the elastic displacements that would occur in the<

'
absence of the tunnel. The corrections for added external load-
ing are:

,

at the crown,

,
,

! 01 + 03 01 - 03 '

(AUr,Ic " (1-2V) + i

L
2q 2q

?

at the sorinoline ;
.

k

01 + 03 01 - 03(AUr,)s = (1-2v) -

29 2q

The percentage closure for added external loading is then

50g
ur= (Ur* + AUr*)

G

!

The. calculated closures for the physical problem described above
are summarized in Table 3.2.1.3-2.

These analytic results demonstrate the significant influence of
dilatancy on the deformation of the tunnel at the springline.
For these problem conditions, the closure at the springline is
nearly three times greater for the dilatant material versus non-

L dilatant material, while the closure at the crown is virtually
L not affected.

1
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Table 3.2.1.3-2

CALCULATED CLOSURE'FROM DETOURNAY SOLUTION

Sprinoline Crown
01 - 03 01 + 03

Ur* AU * u% Ur* AU*r u%r r rq q _
,

..

y=0
0.375 1.5 0.55 0.19 0.27 1.25 0.56 0.67

(0.50 2.0 0.9 0.25 0.42 1.75 0.75 0.92
0.625 2.5 1.5 0.31 0.66 2.4 0.94 1.23

-0.75 3.0 2.25 0.38 0.97 3.15 1.12 11.57
0.875 3.5 3.1 0.44 1.30 3.8 1.31 1.88
1.0 4.0 4.0 0.5 1.65 4.7 1.5 2.28

0.375 1.5 0.95 0.19 0.42 1.25 0.56 0.66
0.50 2.0 2.0 0.25 0.83 1.75 0.75 0.92
0.625 2.5 3.75 0.31 1.49 2.35 0.94 1.21 r

0.75 3.0 6.0 0.38 2.35 3.05 1.12 1,53

0.875 3.5 9.0 0.44 3.47 3.8 1.31 1.88
1.0 4.0 12.8 0.50 4.89 4.75 1.5 2.30

,

Computer'Model

Tne FLAC model used for this analysis is shown in Fig. 3.2.1.3-2.
The grid consists of 900 elements, and extends 17.5 hole radii in
the vertical direction and 15.5 radii in the horizontal direc- .

tion. A somewhat finer mesh is used in the area immediately sur-
rounding the hole. The rock mass is considered isotropic with
biaxial loading and, hence, is symmetric horizontally and verti- ,

cally. . The geometry may be reduced to the quarter-symmetric sec-
tion shown in the figure. Plane strain conditions are assumed.

|

|
1

i

1
|
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The comparison of the FLAC results, for non-dilatant and fully- ;,

dilatant. material behavior, to the Detournay solution is given in )
Table 3.2.1.3-3 and graphically in Fig. 3.2.1.3-3.

Table 3.2.1.3-3

COMPARISON OF FLAC RESULTS TO DETOURNAY SOLUTION

Crown Closure Sorinoline Closure

Analytic FLAC Error Analytic FLAC Error
(%) (%) (%) (%) (%) (%)

Elastic 'O.62~ 0.61 1.6 0.207 0.208 0.5
.

Elasto-olastic by = 0' )

Step -1 0.67 0.65 -3.0 0.27 0.25 -7.4
2 0.92 0.91 -1.1 0.42 0.41 -2.4
3 1.23 1.20 -2.4 0.66 0.63 -4.5
4 1.57 1.52 -3.2 0.97 0.89 -8.2 -

5 ~1.88 1.87 -0.5 1.30 1.22 -6.2
6 2.28 2.23 -2.2 1.65 1.59 -3.6

e

Elasto-olastic Oy = 30' )

Step 1 0.66 0.64 -3.0 0.42 0.37 -11.9
2 0.92 0.91 -1.1 0.83 0.78 -6.0
3 1.21 1.20 -0.1 1.49 1.38 -7.4 +

1 4 1.53 1.51 -1.3 2.35 2.19 -6.8
| 5 1.88 1.88 0.0 3.47 3.30 -4.9

L 6 2.30 2.29 -0.4 4.89 4.60 -5.0

|
|
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Discussion

In general, the agreement between the analytical results and FLAC
are reasonable. Errors are 3% of less for crown closure and gen-
erally 7% or less for springline closure. The errors here are
attributable to two sources: the number of zones in the yielding
material, and the boundary location. The error could be reduced
by increasing the number of elements in the yielding zone, and by
improving the distribution of zones around the hole. As seen,
the simplest possible mesh was used in which rectangular elements
were " pulled" out in the x- and y-directions to represent infi-
nite boundaries. This results in a fine discretization only at
the crown and springline. A more uniform radially symmetric mesh
with constant element area would improve accuracy. Additionally,
moving boundaries further from the hole would also improve
results.

The material deformation model used in FLAC is based upon finite
strain theory. Comparisons between small- and large-strain cal-
culatiot.s made by others (e.g., Carter et al., 1977) demonstrate
that at a given strain level, compressive stresses will be higher
for a large strain calculatien than for a small strain calcula-
tion. This difference is attributed to the change in stress rate
vector as well as the change in strain rate vector, which is ac-
counted for in the large strain formulation and leads to in-
creased stress concentration with increased deformation. The
small strain formulation used in the closed-form solutions thus
will give higher tunnel closure than that calculated with the
large strain formulation.

The large closure produced for the given problem conditions, par-
ticularly at the associated flow state, poses a rigorous test for i

the failure model used in FLAC. Problems which involve large
strain and collapse require a numerical scheme which allows lo- .

'

cally incompressible, plastic flow.

Constant-strain triangular elements such as those used in FLAC
tend to inhibit incompressible plastic flow and may produce an
excessively stiff and incorrect calculation for plastic flow.
Nagtegaal et al. (1974) discuss procedures to improve the repre-
sentation of plastic flow for triangular elements. The mixed-
discretization procedure (Marti and Cundall, 1982), used in FLAC
(see Vol. 1, Section 3) reduces the constraints on plastic flow
by using different numerical discretization for the isotropic and

' deviatoric parts of the strain tensor. This scheme works well
for uniform grids composed of equal pairs of triangular elements.

.

Since FLAC internally subdivides the quadrilaterals into pairs of|
triangular elements, this condition is met.

|

|.
,

|

|
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Inout-Data File
, ,

**********************************************************************
*'FLAC Verification Problem - Elasto-plastic response of e circular
* hole for non-dilatant material and for associated flow.
* circular 51 mm. hole in non-hydrostatic stress field
* fric = 30 deg, dil = 0 or 30 deg.

't * small straini

*-Compare to Detournay solution'

**********************************************************************
k-

tit
' Dilation = 0 degrees, small strain

*

define. grid*
*

gr 30 30
*
* Mohr-Coulomb model.

.*

mm

* stretch grid for outer boundaries, leaving finer mesh around hole
*

. gen 0,0 0,0.035 0.035,0.035 0.035,0 i=1,12 j=1,12
gen .035,.035 .035,.4445 .3935,.4445 .3935,.035 rat 1.1 1.1 i=12,31
j=12,31
gen 0,.035 0,.4445 .035,.4445 .035,.035 rat 1.1 1.1 i=1,12 j=12,31
gen .035,0 .035,.035 .3935,.035 .3935,0 rat 1.1 1.1 i=12,31 j=1,12

* generate quarter circle for hole
.

* !

gen arc 0,0 0.0254,0 90 ;

* material properties, put cohesion high initially for
* elastic solution

i*

prop den =1850 bulk =7.814e9 she=4.69e9
prop coh=9.95e20 fri=30.0 di1=30.0

* boundary conditions
I*

fix y j=1 |
fix x i=1 {

j. apply press = 32.32e6 i=1,31 j=31 j

apply press = 19.39e6 i=31 j=31,1 j|

|
|

!

|

,

4
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f i

~

* time histories
*

'his'nste=50
his unbal . .

his syy i=16 j=30
his sxx i=30 j=16
his xdis i=9 j=1
his ydis i=1 j=9

.-

* excavate hole in unstressed plate
* solve for elastic solution
model null reg 1 1

*timestep to equilibrium
*

i

step 4000
save elastic.sav
* !

* reset plasticity properties, continue stepping to equilibrium after
*each load increment
* i

"
prop dil = 0.0 coh=9.95e6 |'* '

* step to equilibrium I

*
'

step.4000
t*new load. increment

' apply press = 43.09e6 i=1,31 j=31
apply press = 25.86e6 i=31 j=31,1
step 4000
apply press = 53.86e6 i=1,31 j=31 *

apply press = 32.32e6 i=31 j=31,1
step 4000
apply _ press = 64.64e6 i=1,31 j=31
apply press = 38.78e6 i=31 j=31,1 '

.

step 4000
apply press = 75.42e6 i=1,31 j=31 !apply press = 45.24e6 i=31 j=31,1 l
step.4000 |

,

apply press = 86.19e6 i=1,31 j=31
apply press = 51.71e6 i=31 j=31,1

istep 4000 1

return
*end of problem |

l
l

s

i
,

#

6
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3.2.1.4 Lined Circular Tunnel In an Elastic Continuum Subiected
to Non-Hydrostatic Stress j

Problem Statement

This problem concerns the analysis of a circular tunnel in an ;

elastic continuum which is lined with a concrete liner that is in
iintimate contact with the surrounding mass. The medium is sub-

jected to an anisotropic biaxial stress field at infinity.

Vurpose

The purpose of this problem is to check the complex interactions
| which occur between the rock mass and the liner. The probicm

will check for proper operation of the structural element formu-
lation as well as the coupling between the rock mass and liner..

)

A previous problem (Section 3.2.1.1) examined the two-dimensional
continuum solution for an elastic hole in a plate.

Problem Specifications

A tunnel of radius r is excavated in a pre-stressed body sub-
jected to a biaxial stress field, oxx,0yy, applied at infinity. -

The following parameters and values are used to describe the
problem.

Geometry

excavated tunnel radius (m) a = 2.5

Material Properties

modulus of elasticity (GPa) E=6

Poisson's ratio V= 0.2

density (kg/m3) p = 3000

|
|

'

i

I

|

|
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(, In-Situ Stresses

horizontal stress (MPa) oxx = 30
'

vertical stress (MPa) oyy = 15

i ' . Tunnel Linino Properties
1

thickness (; ) t = 0.5 im

modulus of-elasticity (GPa) E = 20 !
'l. Poisson's ratio y = 0.20 i

density (kg/m3) p = 3000

i
'

Note that the density is not required by the analytical solution, |
but some value must be provided in FLAC. The solution is inde- ;

pendent'of the choice.of density. '

i*

iAssumptions ,'

Assumptions;which are implicit in the theoretical solutions in- i
.clude the'following. :

Plane strain conditions apply, with one of the1. .
principal stresses aligned with the tunnel axis.

|

2. The material is homogeneous, isotropic and weight- ,

less. i

3. The liner and medium are both linear-elastic |
materials. '

4. The lining is installed coincidentally with tunnel
excavation. '

5. The lining is bonded to the surrounding material so
no slip or separation of material occurs.

,

e

|

t.

,

I
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Analytic Solution.'

The analytic solution for an elastic liner embedded in an elastic ,

solid with non-slipping interface is given by Einstein and
''

Schwartt (1979). The thrust or axial force.in the liner, N, and
bending moment, M, are given by the following expressions.

t

N 1 * 1 *

(1 + K) (1 - ao) + - (1 - K) (1 + 2a2) cos20=-

Pr 2 2

M 1 * *

= - (1 - K) (1 - 2a2 + 2b ) cos202
P r2 4

,

i

where P = vertical stress component, t

K = ratio of horizontal to vertical stress,

E = Young's modulus of the rock, ,

y = Poisson's ratio of the rock,

Es = Young's modulus of the liner, i

vs =, Poisson's ratio of the liner,
A = cross-cectional area of the liner for a 1 m

long section,

0 = angular location from the horizontal,

r = radius of the tunnel,

C* F* (1 - vi* ,

a0 = , .

'C* + F* + C* F* (1 - V)

(F* + 6) (1 - v)*

I a2 " r

| 2F* (1 - v) *6 (5 - 6v)
|

1
,

I
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n
r.
L'
'

(6 + F*) C* (1 - v) + 2F*v= .

, ,
,

[ 3F* +13C* + 2C* F* (1 V)

h
i

C* (1 - V)
*

b2= ' ,

[ 2 ' (C* - (1 - V) + 4v - 6 -3 C* (1 - v)
l-

2<

i: E r (1 - v )s ;

[' C* = and,
' EsA(1-y2)

l
{ '

E r3 (1 - ys)
*

L

L F* = .

Es I (1 ~ V2)
x.

Computer Model f

L r
E The problem is symmetrical about the vertical axis, allowing a

1/2-symmetry' geometry, as illustrated-in Fig. 3.2.1.4-1. A total
of 1440 elements are.used, with the boundaries placed at 20 radii
from.theihole center.- Pressure boundaries are used'to apply the
in-situ stress state. A total of 18 elements (19 nodes) define -

the' boundary of the half circle. Structural elements are con- ;

nected between successive nodes on the boundary periphery. The
nodos of the grid along the vertical boundary are fixed in the ihorizontal direction to represent a symmetry line. The struc-
tural1 element nodes which lie on the symmetry line are given
fixed rotations, also to fulfill the symmetry condition. ,

,

Stresses are applied to the grid and allowed to equilibrate prior
to excavation of the hole. The hole is excavated, and the struc-

E tural elements placed simultaneously. The body is then time-
L stepped to equilibrium.

I
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Fig. 3.2.1.4-1 FLAC Grid

Results

The results given in Figs. 3.2.1.4-2 and -3 show a comparison of
the FLAC and Einstein analytical solutions for the axial forces
(thrust) in the structural elements and the moments at the nodes
as-functions of the angle counterclockwise from the horizontal
axis. The axial forces have a maximum error of roughly 3.5% at -

,

the symmetry line. The moments follow the analytically-predicted
behavior fairly well, with errors at the symmetry line less than
5%.

|
1
l'

'

1.

i-

|

l
|
|

|

|

|

|

|

|

|
1

|
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Discussion ;

i
The somewhat erratic behavior of the FLAC solution for bending
moments is a result of the irregular nature of the zoning around
the tunnel periphery.' Figurs 3.2.1.4-4 shows a close-up view of ;

.

the tunnel with beam' element endpoints marked. The non-uniform
size of the zoning around the periphery results in the erratic |
behavior in the bending moments. Better agreement'can be ob-

'

tained ift- !

(1) the number of zones around the periphery of the i

tunnel is increased; and .

(2) 'if the zones along the periphery are of uniform
size. ,

'For the purposes of this. report, it was felt that zoning typical
'of standard problems should be used and, therefore, no attempt-
was made to provide a geometry which would minimize the error. |
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Data Input File

*************************************************************
* FLAC Verification Problem - Lined, Circular Tunnel in an -

'

* Elastic Media. Tunnel is Assumed to Be in Intimate Contact
* With the Surrounding Media. The Interface Between the
Liner and Media is Non-Slipping. Analytic Solution Consists*

* Of Liner Axial Force and Bending Moment As Function of
* Angle Around the Tunnel.
************************************************************* ;

title
channel tunnel example ---- monolithic lining

* Form grid i
. . *

grid 36,40
*

* Elastic rock mass
*

me
*
* Pull grid out to represent infinite boundaries

gen -36 0 0 0 0 -30 -36 -30
gen 15 -1 15 50 50 50 50 -1 rat 1.15 1.1 i=21,37 j=21,41
gen 15 -50 15 -1 50 -1 50 -50 rat 1.15 0.909 i=21,37 j=1,21
gen 10 -1 10 50 15 50 15 -1 rat 1 1.1 i=15,21 j=21,41
gen 10 -50 10 -1 15 -1.15 -50- rat 1 0.909 i=15,21 j=1,21
gen 6 -1 6 50 10 50 30 -1 rat 1 1.12 i=11,15 j=21,41
gen 6 -50 6 -1 10 -1 10 -50 rat 1 0.893 i=11,15 j=1,21
gen 3 -1 3 50 6 50 6 -1 rat 1 1.14 i=7,11 j=21,41
gen 3 -50 3 -1 6 -1 6 -50 rat 1 0.877 i=7,11 j=1,21
gen 0 -1 0 50 3 50 3 -1 rat 1 1.16 i=1,7 j=21,41
gen 0 -50 0 -1 3 -1 3 -50 rat 1 0.862 i=1,7 j=1,21

* Tunnel represented as 1/2 circle, left hand boundary is
* A cymmetry plane

gen arc 0,0 0,-5 180

* Automatically adjust grid to better conform to circular
* Tunnel
*
gen adjust
*
* Rock properties

prop den =1850 bulk =3.333e9 she=2.50e9

__ __ _
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,

* Boundary and initial conditions

fix'x i=1
. apply press =15e6'from 1,41 to 37,41
apply press =30e6 from 37,41 to.37,1
apply press =15e6 from 37,1 to 1,1 :

ini sxx=-30e6 syy=-15e6
1
.

* Solve to initial equilibrium state - i.e., stresses in |
* Grid, nonexcavation 'o

'solve
*

* Now, excavate tunnel and install liner at same time :* In pre-stressed rock mass t

mod' null reg =1,22
5

* concrete liner, e=20 MPa, thick =.5m
* i= (1/12) *1m* ( .5m) ^3

struct prop =1 e=20e9 a=.5 i=3.042e-2
;*-
!

* Define beam elements around tunnel to represent
,

* Liner
* ,

,

struct beam beg gr 1 26 end gr 2 26
struct beam beg gr'2'26- end gr 3 26 i
.struct beam beg gr 3 26 end gr 4 26
struct beam beg gr 4 26 end gr 5 26
struct beam beg gr 5 26 end gr 5 25
struct beam beg gr 5 25 end gr 6 25
.struct beam beg gr 6 25 end gr 6 24
struct beam beg gr 6 24 end gr 6 23
struct beam beg gr 6 23 end gr 6 22

,

struct beam beg gr 6 22 end gr 6 21
struct beam beg gr 6 21 end gr 5 21
struct bean beg gr 5 21 end gr 5 20
struct beam beg gr 5 20 end gr 5 19
struct beam beg gr 5 19 end gr 4 19

! struct beam beg gr 4 19 end gr 3 19
L struct beam beg gr 3 19 end gr 3 18

struct beam beg gr 3 18 end gr 2 18
i struct beam beg gr 2 18 end gr 1 18

|
'

Structural element boundary condition at'*

* Symmetry line

.-
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;

i

i
*.

.

struct node =1 fix r i

struct node =19 fia'r, ;|

* !

* Histories l
e- J

his nate=20 i
his unbal <

1his xdis i=5 j=21
his ydis i=1 j=26

,

*
1,

* Timestep problem to equilibrium
*

,

' step 3000
*
* Save files ;

e

save chan.sav
~

*'end of problem-.

,

&
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!

I

l'
(.

|
|
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1

3.2.1.5 Slip on a Plane of Weakness Intersectina a Circular Hole

Problem Statement
:

The cross-section of a circular hole intersected by a flat-lying
plane of weakness is illustrated in Fig. 3.2.1.5-1. The host me-dium is homogeneous, isotropic and linear elastic. The shear
strength of the plane of weakness is purely frictional, with an
angle of friction, $. As shown by Brady and Brown (1985), when
the feature intersects the borehole at an angle 0, such that 0>$,
slip occurs on the feature near the boundary of the excavation.

| Substantial modification of the elastic state of stress occurs
I around the boundary of the hole and in the interior of the medium

due to slip o,n the feature.

)

i

,

-(a) P (b)p p

Plane of ''

weakness
.

- ~~

i

. ~ r
''% %

p'~~

j-8
--o- *

JL JL

Fig. 3.2.1.5-1 Circular Hole Intersected by a Flat-Lying Plane
of Weakness

|

l

|
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Purpose

The purpose of this analysis is to demonstrate that FLAC can simu-
late the changes in stress distribution arising from slip on
planes of weakness. The problem involves satisfaction of condi-
tions of limiting friction on a joint, shear deformation at the
joint, and redistribution of stress. This simple problem quali-
fies FLAC for the analysis of stress and displacement in sparsely-
jointed media.

I

Problem Soecifications

The possibility of slip on a plane of weakness is determined by
the state of stress in the vicinity of the feature and its shear
strength. The local state of stress is determined by the field
state of stress and the shape of the excavation. For the sake of
simplicity, a hydrostatic stress field, defined by

Ip = pxx = pyy = 10 MPa

has been considered in the current problem. An arbitrary choice
of rock mass mechanical properties was made, given by

10 GPa jYoung's modulus, E =

Poisson's ratio, V 0.25=

l

The rock mass bulk and shear moduli derived from these parameters !
are

K = 6.667 GPa

G = 4.0 GPa

IThe normal and shear stiainesses of the joint were set high, at

k = ks = 1 GPa m-1 ]n

to avoid complications in comparison with independent solutions,
arising from joint deformability.

!

:

,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___
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, .

As sumpt i ons

1

-The plane strain condition applied in the analysis exploits the iassumption that the long (antiplane) axis of the excavation is i

parallel'to a field principal stress direction. It is also as- |sumed that the plane of weakness strikes parallel to the axis of
h' the excavation.

Indeoendent Solutiens
!

The analytical solution for the stress distribution around a cir-
i

cular hole in a homogeneous, isotropic linear elastic continuum !is due to Kirsch (1898) . For a h drostatic stress field, the ji

stress distribution is defined by:
,

i

!a2
Orr " P (1 - --) i

r2 i

i

a2
000 a p (1 + --) (3.2.1.5-1)

r2 i

,

i

o0=0r
t

!" where p = far-field hydrostatic stress,
s

a = radius of the tunnel, and
|

r = radius to the point of interest. i
!

!

These expressions indicate that, for this initial state of '

strest, the stress distributioli is independent of the angular :
coordinate of a point. A point located on the plane of weakness !
may be defined by a radial coordinate r, or a local coordinate
x', as illustrated in Fig. 3.2.1.5-2 (a) . It is a simple matter &

to calculate the normal and shear stress components on the plane '

of weakness at points on the joint from Eqs. (3.2.1.5-1) and the
stress transformation equations to rotate the stresses normal and
parallel to the plane. The elastic distribution of normal and ;
shear stress along the joint is shown as the solid lines in Fig. !

3.2.1.5-3. |
:'

;

1
I i

l i

1.
i

.
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Fig. 3.2.1.5-3 Comparisons of Strees Distributions and Ranges ]of Slip Along Joint From FLAC and Independent iBoundary Element Analysis (FF = fictitious
,force, DD = displacement discontinuity)

In assessing the state of stre3o on the joint after slip occurs,
it is necessary to examine the conditions near the boundary of

7

the excavation. Considering the small element of the boundary,
shown in Fig. 3.2.1.5-1, the normal and shear stress components :
on the plane of weakness are given by

|
,

on " 000 cos20 |
(3.2.1.5-2)

t = 000 sin 0 cose
,

The limiting strength of the joint at normal stress on is <

:

I t =on tan $ (3.2.1.5-3)

.

|

|

,

#

. . - - , - -
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:

I

j so that, introducing Eqs. (3.2.1.5-2),

000 sin 0 cose = 000 cos20 tan $ (3.2.1.5-4)
; or
L tan 0 = tan $

\
\

Thus, if 6 = $, the condition for slip on the joint is satisfied.
It is observed that the sense of slip, defined by the sense of

,

the shear stress, involves outward displacement of the upper sur- |

| face of the joint relative to the lower surface. !
!

The equilibrium state of stress at the intersection of the joint I
i and the boundary can be determined from Eq. (3.2.1.5-3), which !
I may be rewritten as

|

|

sin (0-$) !
000 =0

Cos$ !
!

I

For 6 > $, this condition can be satisfied only if o00 = 0. ;

Thus, the regions near the intersection of the opening and the |
joint are either destressed, or at low confining stress.

|

Because there is no closed-form solution of the stress and dis-
placement distribution along the joint after slip occurs, it is
necessary to compare the results of the FLAC analysis with inde-
pendent numerical solutions for the problem. The results of two :
analyses using various boundary element methods, due to Austin et
al. (1982) are presented in Fig. 3.2.1.5-3. The boundary element i
methods employed were a displacement discontinuity method de- ;

scribed by Crouch (1978) and an indirect (fictitious force)
.

scheme derived from one described by Brady and Bray (1978) . [
!

Computer Model |
|

The model for the plane strain enalysis is illustrated in Fig. [
3. 2.1. 5-2 (a) . It consists of a section which is symmetrical '

about the vertical centerline through the excavation. The width ,

of the half-section is 5 m, and the height is 10 m. The radius, !

| a, of the circular excavation is 1 m, and the intersection of the
.

| joint with the excavation surface is defined by an angle of 60'. !

The angle of friction of the joint is 16.3'. ,

|
'

! -

|
'

'

| E

F

|
_
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,

The ' FLAC model for the analysis is shown in Fig. 3.2.1.5-2 (b) .
The mesh is comparatively coarse, but consistent with the element '

density which might be achieved in analysis of a practical prob-
'

lem,

i
Results I

rIn the plots of normal and shear stress distribution determined '

from the FLAC analysis, shown in Fig. 3.2.1.5-3, it is observed '

that the plots converge toward the null state of shear stress
required by the static analysis. Inspection of Fig. 3.2.1.5-3
shows satisfactory correspondence between the stress distribution
on the joint calculated by various methods. In the case of the
shear stress diotribution, the plots are virtually indistinguish- ;

able. For the normal stress distribution, the plots are remark-
|

;

ably similar near the excavation. It is possible that the slight .

divergence between the FLAC and boundary clement plots as the
outer boundary of the FLAC problem domain is approached arises ;
from imposed boundary conditions in the FLAC analysis. Bearing ;

in mind the quite substantial changes in the state of stress in
the region close to the boundary where slip occurs, it is clear
that FLAC simulates joint slip and stress redistribution satis-

!
factorily. '

A further comparison between the FLAC and boundary element an-
alyses is provided by the predicted range of joint slip, shown in
Fig. 3.2.1.5-3. It is observed that quite close correspondence
is achieved between the various numerical solutions. In each !

,

case, the range is greater than would be predicted from an elas- !

tic analysis, which does not take account of stress redistribu-
tion. |

|The plots of stress distribution in Fig. 3.2.1.5-4 indicate the
|way in which joint slip affects stress redistribution. The con-

tour plots of c y and oxy show that continuity of these stressy
;components is maintained across the joint, as is required by

simple statics. ;

t

i
The sense and magnitude of displacement associated with joint i
slip are illustrated in Fig. 3.2.1.5-5. The vector plots of dis- '

placements indicate that the sense of slip is outward on the up-
per side of the joint, and inward on the lower side, consistent '

with what was previously. The magnitude of displacement is ob-
served to be small outside the zone of slip, consistent with the :notion of elastic deformation of the joint and rock mass in these
areas.

t
,

.

I

,
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Discuosion f
|

The FLAC analysis of a circular hole in a sparsely-jointed medium
confirms that the code simulates the key features of joint slip
as follows:

(1) satisfaction of the destressed condition near the
joint's intersection with the boundaryi

(2) correspondence with independent solutions for
'

normal and shear stress distributions along the
joint surface;

(3) continuity of normal and shear stress across the
joint after slip has occurred; and

(4) step change in the joint shear displacement in the .

transition from plastic to elastic joint deforma-
tion. ;
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! |

iThese features, and the close quantitative agreement with results '

from independent boundary element analysis of joint slip, indi-
;

cate the suitability of FLAC for analysis of sparsely-jointed 1i

j rock. 1

!, !
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Data Inout Filt
........... a...............................a.*............. i

. FLAC Verification Problem*

* Circular Hole Cut By Horizontal Fault
' Comparison To' Solutions Generated From Boundary Element
*Models. This Problem Tests The Interface Logic In FLAC

i.....................** .................................... i

title |

Circular Hole- Horizontal Fault Cuts at 60 Ds
.

*Specify Grid !
*

| gr 15,31 ;
. ,

; * Rock Mass Elastic ;
*

|
me
* ;

* Properties-
.

prep s=4000 b=6667 denJ=0.003

* Create interface by first nulling a row of zones ,

*
c
'model null j=19 i=1,15

mark i=5 j=19 !

mark i=5 j=20
.

* Bring the two halves of the grid together
gen 0,0 0,5.866 5,5.866 5,0 rat 1.15 0.9 j=1,19
gen 0,5.866 0,10 5,10 5,5.866 rat 1.15 1.15 j=20,32 !

* Declare the two interacting faces of the interface

int 1 aside from 1,19 to 16,19
,

int 1 bside from 16,20 to 1,20

* Interface properties, initially glued as stresses come to
* initial stress state. Will later allow slip for check against
*the boundary element solution.

int i fric=70 coh=le6 kn=le6 ks=le6 tbond-le6 glued '

* Form tunnel, 1/2 symmetry

gen arc 0,5 0,4 180

-
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t

* Adjust grid for improved soning

gen adj
mark i=5 j=18 '

*Horisontal B.C..on left side of model
fix x i=1
A

* Apply a pressure B.C. to 3 sides of model
|

apply press =10 j=32 i=1,16 i
.

apply press =10 1=16 j=1,19 !

apply press =10 i=16 j=20,32
|apply press =10 j=1 i=1,16
;

* Initial stresses in grid

ini sxx=-10 syy=-10 var 0,0.3 j=1,31 |
:

* Set up histories |

his nstep=10 |:
"'

his xdia ia? $=13 i
his ydis~i=1 j=21r

,,

his oyy i=7 ju13 |
his sxy. i=i j=21 :

his ydis i=8 j=32 !
his ydis i=8 j=1 i

'

- his xdis ie5 j=19
his xdis i=10 j=19 'I
his xdis i=10 ju20 i

,

*Timestep a few times to make certain that interface !
*is in equilibrium with initial stresses j

;

step 100 i

ini xdis=0 ydis=0 '

,
h

*Save initial state }s-
|

save circuti.sav i
| s t

* Null out (excavate) the region defined by the tunnel I
*Two commands necessary since tunnel intersected by interface |
* '

! mod null reg =1,18 '

mod null reg =1,20
is >

Solve continuum problem !*
i

I

3

!

-__ , _ _ ._ -- - , , - . -
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'L 3.20105-13 !

!

|.. .

'step 700
* :

* Save elastic solution ;

* i

save circut2.sav !

1
*
* Now, reset displacements and unglue interface ;

* Solution indicates slip-induced displacements !

* i

ini xdis=0 ydis=0- t

int 1 fric=16.3 coh=0 kn=le6 ks=le6.tbond=0 unglued
* !

* Timestep problem to final equilibrium state j
* r

step 1500 '}
j*

**Save final state I
* .{

save circut3.sav ,
4

*end of problem i
L< '].;.

'<[
ib

., ;

I
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k
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t

!
6

!
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[
:

6
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!

I
!
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3.2.1.6 Scherical Hole in an Infinite Elastic Continuum Under
Hydrostatic Stress Field [

;
,

Problem Statement ;

This problem concerns the determination of stresses and displace- i

ments for the case of a spherical cavity in an infinite elastic
media subject to hydrostatic in-situ stresses.

i

P
P U U U

'
___4

a ;

* "

, , , . . . . . . . . . . . . . . . . - r e,

P :^j

\ _.-.

__ ,

i

i

Fig. 3.2.1.6-1 Spherical Cavity in an Infinite Body

,

Purpose

The purpose of this problem is to determine FLAC's accuracy on a ,

three-dimensional problem using axisymmetry.

Problem Specifications

A spherical cavity is in an infinite elastic body under a uniform
in-situ compressive stress of 30 MPa. The material containing
the cavity has the following properties: 4

shear modulus (G) 2.9 GPa

bulk modulus (K) 3.9 GPa

density (p) 2500 kg/m3

, - -
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| Assumotions
L

i The spherical cavity is a homogeneous, isotropic, continuous, in-
t finite media. .The material is linearly elastic, and it is as-
| sumed that the problem is symmetric about all three Cartesian
'' axes,,,

r
i.

!. Analvtic Solution
;

The radial displacement around a spherical cavity in an infinite:

[ elastic media under a hydrostatic stress field is given by
'

Goodman (1980, p. 220) :

3pAu (r) =
r |

4r2 G l

!
Timenshenko and Goodier (1970, p. 395) provide a solution to the l'

ctress field in.a hollow sphere nubject to internal and external i
L pressure- '

I

po b3 (r3 - a3) pi a3 033 - r3) .|
'

a7 -+ ,.-

P r3 (33 b) r3 (a3 - b ) .3 3 i>

.:
.t

3 (2r3 + a3) pi a3 (2r3 + b3) [po b
oO " * * ' ' ~ ' - - - - ~ + -

2r3 (a3 -- b ) 2r3 (a3 - b ) '!3 3
!

where p = the external (o) and internal (i) pressure,

b = the outside radius, and f,

a = the inside radius, !
>

The solution to the problem of a spherical cavity in an infinite .

'
media is determined by setting pi = 0 and finding the limit as b
approaches infinity. Normalizing by the inasitu stress value, 3

the final solution is: -

i

&

f

[

t

t

. , . .
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,

|

o r3 - a3r
-- .

- Po r3

00 . a3 + 2r3
-

--

Po 2r3
;

Computer Model

Figure 3.2.1.6-2 shows the model used for the FLAC analysis. '

Using axisymmetry, one-quarter of the problem was divided into
900 quadrilateral finite differenco tones, as shown in Figs.
3.2.1.6-3 and -4. Pressure equal. to the in-situ stress was ap-
plied to both free faces and allowed to equilibrate prior to ex-
cavation of ths cavity. The problem sac timestepped 1000 times
to ensure that equilibrium was achievad.

.

um s | ps,w .e ,

k 9 .l _ U. . . . .

a
gr--

,

i

[e
| i

10e P
<e-- ,

jf

a 4kk 4dk 44h

i

Fig. 3.2.1.6-2 Model for FLAC Analysis

|
L

|
|

o

|
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Results
!

Figures 3.2.1.6-5 and -6 show a graphical comparison between the !
radial displacement, radial and tangential stresses and t.he an- '

alytical solution.. Table 3.2.1.6-1 shows a more detailed compar- |
ison at five points along a radial line from the cavity. +

,

!
t

is ;
.

7u -

i

12 - |

!:::---- : :
-

: :
t .

C :

AneM6cel :u -

PLAC ju .

Mh' :

4 - n.ac !
Tayttel j, ,

I
, , , ,

*
e o o e e se j

Normeased Mdlus (t/s) i
4 . ,

'
,

,

;
,

!

(c /p) and Tangential (og/p) lFig. 3.2.1.6-5 Comparison of Radial r
Streuses for FLAC and Analytic Solutiens r

i

s

[
.

i
.

iI '

.
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use

Analyticed
,

,

FQC
' '

un -
,

seeis .

"*' ~

,

_ .

|
.

. . - . . __

i
4

* * 4 e a w
Normellaed Red 6ue (r/s)

;
!

!

Fig. 3.2.1.6-6 Comparison of Radial Displacements (u /a) versus '

rRadial Distance
i

:
;

5

Table 3.2.1.6-1 i
!

CO! TAR 1 SON OF FLAC RESOLTS TO "t!ALYT1C SOLUTION -

i
,

{
!

l
t;j .= - =

Nowattaed Mrseel tewt Norm esod Ter:rente' teeet !
ris PLAC Analytket | % tator FU.C Ana'yennel % garer !

1 07 0.143 0.164 0.64 1.42 1.438 0.86
1.416 0.648 0 647 0.1f 1.11 9 1.178 0.N i

2.106 0.862 0.003 0.11 1.064 1.064 0.18
4.33 0 900 0.tet 0.10 1.007 1.038 0.10
8.09 0.997 0 998 0.10 1.003 1.002 0 10 !

HermaHaed Displacement

rio PLAC Analvucal % Error
,

1.0 0.002667 0.002586 +1.12

1.61 0.00111 0 00113 1.77

1.97 0.000649 0.000606 .t.66
4.00 0.000142 CP00166 4.39

6.76 0.000073 0 0000742 7.03 *

4

- -. _ . _ - _ _ _ _ _ _ _ _ _ _ . . _ - - - _ _ . _ - _ _ _ _ _ - _ _
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Discussion

The stress results from FLAC are in very close agreement with the
analytic solution (4% error) . The closeness on the agreement in-
dicates that, for a stress analysis, the far boundaries (now at
10 cavity radii) probably could be closer with little loss of so-
lution accuracy.

The displacement results near the cavity (<2% error) could be im-
. proved with a finer grid geometry and/or by increasing the free'

boundary distance. The increase in deviation as distance from
the cavity increases is due to the pressure boundary condition

,

| used to simulate an infinite media.
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Data Inout Pilg

*********e*******eentee*********enen**** e ene*****en.ne.a ........
FLAC Verification Problen - Spherical Hole in an Elastic*

* Material
Under Hydrostatic Stress State*

*****e **.** ************** ......e...*****e... ****e.***ee........
tit
Spherical Hole in elastic medium

e

Set axisymmetric logica

config ax
gr 30,30 '

* Elastic material model
,

me
* Stretch grid to represent infinite boundaries

gen 0,0 0,10 10,10 10,0 rat 1.11 1.11
* ;

i* Generate arc of quarter symmetry
I

gen are 0,0 1,0 90 l

* Properties !
I*

prop s=0.999 b=3.9e9 dens =:!500
f

* Initial ctresses i
,

ini sxx=-30e6 i'ini syy ~30e6
i

ini szt -30e6 '

*. i

* Boundary conditions

fix x i=1 !
fix y j=1 ;
apply press 30e6 i=1,31 j=31
apply press 30e6 i=31 j=1,31
* ,

,

,

l
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362.1.6-9
*

,
,

* Histories>

. -

' ' his nate=1
c ' his syy i=1 $=11 !

his sxx.i=1 j=11 :
''

.

his ydis i=1 j=11 j,
*'g.

Initial equilibrium under initial stresses before spherical*

* Hole excavation i

e
'

.' solve
*.

i
[ Now excavate hole in pre-stressed body*

-

r .

mod null region =1,1 [
* 1

L
*'Timestep to equilibrium j
e

- ;

!J step 1000 !
I*

,.
' * Save state i

* :i
save esax2.sav !

'

end.of' problem i*
' ' ' I;

<
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,

'

i
!

!
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!
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3.2 1.7-1
i

:

|

3.2.1.7 Steady-State Creep of a Circular Hole in a Hydrostatic i
Stress Field [

t

Problem Statement .

A flat square plate with a small circular hole in the center is
.

!
illustrated in Fig. 3.2.1.7-1. The plate is subjected to a con- ;

stant pressure on all sides, and is under conditions of plane !

strain. The creep behavior of the plate material is defined by j

i
'

d
5 13 = (3/2)1/2 (og3/3) ic (3.2.1.7-1) |

i
;

where $c = A (6)n, f
|

d d
3 = (3/2)1/2 (og3 og3)1/2,

t
!d

013 n lj-components of deviatoric stress, and
i

A, n 's creep law parameters.
I

E Ib
!

o o o

).- .-

;
;

E

?

P, - _p g

_
b b

__,_
- .,- .

,

!
-- e--

di is d i

!

P, j
!

Fig. 3.2.1.7-1 Flat Plate with Circular Hole !
!
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1

Purpose

The purpose of this problem is to verify the ability of FLAC to!

properly represent the steady-state behavior of a material repre-
g sented by a standard Norton Power Law (Norton, 1929). The simple-

single and two-component Norton Law is often used to represent
thw steady-state creep rate for rock salt or potash.

!

,

!

Problem Scecifications !

Any moaeling of creep behavior is very sensitive to the location jof problem boundaries. Here, the plate half-width, b, is set to
i400 times the hole boundary in Case I, and 200 times the hole ;

,

I, boundary in Case II. The plate is subjected to the following in-
k itial' conditions: i

'

i
"'

cxx = Pb = 100 MPa
j cyy = Pb = 100 MPa

ogg = 72.72 MPa
.

. The initial out-of-plane stress component, 0 is determined i''' 22,
from elastic, plane strain conditions. The far-field xx and yy

-

>Streeses ate held constant by rpplying boundary pressures equal ,

to Pb~ '

.

fThe mechanical and physical proporties of the plate are:
Young's Modulus, E 820 MPa

"'
i. ,

J Poisson's P,atio, n 0.3635 '
t

5
A 1x10'',MPa-3 yr-1 i

t

n 3 !

,

'

,

The input to FLAC requires the shear modulus, G, and the bulkmodulus, K, rather than E and V. These are given by
,

i

E
G= = 300.67 MPa ;2 (1 + V) :

!

!

!

!

i

i

6
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f

1

X ,

!

and |

t
= 1001. 96 MPa :

X = 3 (1 - 29) ;

i

The radius, a, of the plate is 1.0.

Assumotions

The plate is assumed to be in a state of plane strain. The plate
.

:
is assumed to be isotropic with steady-state creep behavior de- '

fined by the single component law given previously. Deformations |
calculated are for creep strains only, and do not include elastic :

components, j
i .:

t
! . . '

Analvtical Solution
! :

The analytic, steady-state solution to this problem is given by ;

van Sambeek (1989) ,
,

!

1- (a/r) 2/n - t

i OR"-Pb i

-1- (a/b) ?/n . |
t

.

"1- [ (n-2) /n) (a/r) ?/r. , t

03=-Pb.;. 1- (a/b)2/n .-

13.2.1,7-2) <i

;

ca + 00 i

n iog
2 :

!
;

!
,

(3)1/2 - (3)1/2 1 .n
e

-A Pb auR(a) ='

! 2 n 1- (a/b) 2 /D - ,-

!'

'

i

i
:

i

:
!

|
1

'

|
~

1
*

1

. . . ~ . . - - -. -. __ ___. _ _ _ - _ - -_
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0
where og, 00'are radial and tangential stress components,

.Pd.is.the applied boundary stress,'

,

-cz is the out-of-plane stress component,
ur is the radial displacement rate,

a,b are:the' radius of hole and half-width of plate,
respectively, and

r'is the radius to point of calculationi

,

'Comouter Model-
,

FLAC was used to solve this problem for two different sets of
fa conditions, namely:
'
,

. (1) plate half-width 03) = 400 times hole radius (a), (coarse grid; and- r

i

(2) plate half-width (b) = 200 times hole radius (a), I
fine grid.,

,

t
.. One quarter.of the plate in Fig. 3.2.1.7-1 was modeled with FLAC, !
1 as shown in Fig. 3.2.1.7-2. A pressura of 100 MPa was applied to ;the top.and right boundaries, the bcttom was restrained in the-

:vertical direction, and the left boundary was restrainod in the
>

horizontal direction. The lest two conditions are required to !'T represent the syrmetry correctly. The initia3. stresses were j* ~

-
.

'
Uxx = Pb = 100 MPa+,

oy=Pb = 100 MPa iy

ozz = 72.72 MPa !'

,

i

correspohding to an elastic plate in plane strain without a hole.
-{

| The. plate was allowed to come to elastic equilibrium with the
{

-

hole in place by setting the creep timestep to zero. Then, creep
was initiated and allowed to increase automatically until steady :

,

state was reached. !

.

|

? !

E i
t

!

.

F

!

' Ir *
___ , _, -_, ,. _

'
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|

P,a100 MPs
o o o

-

i
!

| ~ P, = 100 MPs
t

e

dk Ak
,

Fig. 3.1.2.7-2 FLAC Representation of a Flat Plate ;

<

Results

Case I: Plate Half-Width = 400 Times Hole Radius
r

A relatively course grid, consisting of only 500 zones, was used :
'

for this problem (Fig. 3.1. 2 . 7-3) . The results for this case aro ,

summarized in Figs. 3.1.2.7-4 to -7. Fiqure 3.2.3.7-4 snows the t

radial velocity (i.e... ug) history of a point on the ci;;cu. ster- I

ence of the hole. It is apparene from tnis figure that the ,

velocity sta.1.s off significantly higher than the nteady-state .

solution, but drops rapidly to a fair 3y steady valua a little -

(3%) below the analytical solution. Tne initial high value is
expected because the pre-creep state is fat from equilibrium.
The stress components obtained from FLAC are compared with the ,

*analytical solution in Figs. 3.2.1.7-5 through -7. It is obvious
'

from these figures that the FLAC results are virtually identical ,

to the analytical solution. |
.

N

$

t
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| I / / /
'

I / /
I / /

/

/
/

'
/,

u __ __ __
;

(a) (b) |

Fig. 3.2.1.7-3 (a) FLAC Grid for Case I; (b) Close-Up View of
Grid Around Hole
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0'.04
,

0.02 L._. __ ______ __ .
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Time (years)
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Case II: Plate Half-Width = 200 Times Hole Radius

A finer grid, consisting of 1100 zones, was used for this problem i

(Fig. 3. 2.1. 7-8) . The results for this case are summarized in
Figs. 3.2.1.7-9 through -12. The radial velocity history (Fig.
3. 2 .1. 7- 9 ) is similar to that of Fig. 3.2.1.7-4, but the steady-
state result is now 2% above the analytical solution. It is pos-
sible that the velocity would drop a little more as time prog-
ressed but, even if this velocity were maintained indefinitely,
it is in excellent agreement with the analytical solution. The
stress components obtained from FLAC are compared with the analy-
tical solutions in ; igs. 3.2.1.7-10 through -12. Once again, the
FLAC results are virtually identical to the analytical solution.
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Fig. 3.2.1.7-8 (a) FLAC Grid for Case II; (b) Close-Up View of
Grid Around Hole
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Fig. 3.2.1.7-9 Radial Velocity at Borehole Edge versus Time
(Case II)
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!

[ Discussion

The-results obtained with FLAC are in excellent agreement with
the analytical solution for the problem of a hole in a circular
plate. Table 3.2.1.7-1 gives a numerical comparison for Case I, i

where the boundaries are placed at 400 hole radii. The solution I

to this simple problem complements the complex problems' solved in
the benchmark tests also given in this volume. The results re-
ported above indicate that the creep law in FLAC operates cor-

r. rectly, while the benchmark problems show that the various fea-
tures, such as slide-lines, thermal logic, and several differentL

constitutive laws (including the creep laws) interact correct!.y.

Reference

van Sambeeke L. L. " Creep of Rock Salt Under Inhomogeneous
Stress Conditions," Ph.D. Thesis, Colorado School of Mines,
Golden, Colorado, 1986.

Norton, F. H. Creep of Steel at Hich Temperatures. New York:
McGraw-Hill Book Company, 1929.
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Table 3.2.1.7-1 i
:

COMPARISON OF ANALYTICAL-AND FLAC RESULTS FOR STEADY-STATE CREEP
OF A HOLE IN A UNIFORM STRESS FIELD -

|
:

'
FLAC ANALYTICAL ERROR (L) '

t/f 'a 'ee 022 'e og 022 o og 022
y r g

i
.

381.7 -100 -100.6 -100.2 -99.94 -101.23 -100.59 0.06 -0.62 -0.38 .
.

214.4 99.5 -100.8 -100.1 -99.03 -100.93- -99.98 0.47 -0.13 -0.12 [
98.7 -97.1 -100.8 -99.4 -97.11 -100.29 -98.70 0.61 0.51 0.71

49.5 -95.0 -99.9 -97.5 -94.32 -99.36 -96.84 0.72 0.55 0.60

40.45 -93.9 -99.5 -96.7 -93.23 -98.99 -96.11 0.12 0.51 0.,61

29.8 -91.9' -98.8 -95.4 -91.28 -98.34 -84.81 0.68 0.46 0.62
>

a

19.5 -88.6 -97.1 -93.1 -87.84 -97.20 -92.52 0.87 0.52 0.43

10 -40.7 -90.5 -87.9 -19.63 -94.56 -87.24 0.97 0.46 0.75 *

8.85 -78.9 -94.4 -86.6 -78.07 -93.94 -86.00 1.0? 0.49 0.69

7.05 -76.9 -93.7 -85.3 -76.00 -93.94 -84.68 1.07 0.45 0.73
16.95 -74.1 '-92.9 -83.8 -73.90 -92.55 -83.23 1.08 0.38 0.69- -

6.1 -72.1 -92.0 -82.1 -71.36 -91.70 -81.53 1.04 0.32' O.70 i

5.3 -69.3 -91.0 -80.2 -68.36 -90.71 -79.53 1.37 0.32 0.84

4.6 -66.0 -89.9 -77.9 -65.04 -89.60 -77.32 1.41 0.34 0.75 +

3.95 -62.1 -88.6 -75.4 -61.11 -85.29 =74.10 1.63 0.36 0.94

3.35 -57.6 -87.0 -72.3 -56.37 -86.71 -71.54 2.18 0.34 1.06

2.85 52.3 -85.2 -68.7 -51.20 -84.98 -68.09 2.16 0.26 0.90
,

2.35 -45.7 -82.9 -64.3 -44.24 -82.66 -63.45 3.30 0.?8 1.34

1.9 -37.5 -80.1 -58.8 -35.47 -79.74 -57.60 5.74 0.45 2.08 '

1.5 -26.9 -76.6 -51.7 -24.13 -75.96 -50.05 11.48 0.04 3.31

l'

*
(. r taken at the centroid of the zones.
|

|L
o
1

|

|

_ _ . _ _ _ _ _ _ _ _ _ . _ ._ ._
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; 3.2.1.7-14
,,;

r.
I
! Input Data File
!

******************************************************************
* FLAC Verification Problem

_I * Steady-state creep of a circular hole in a uniform stress field.
L * Comparison to solution by van Sambeek for a

*' Single component power law.F

******************************************************************
* Configure code to account for z-oriented stress component

L conf z_d
n *

* Specify gride

*

[ gr 10,50 '

*

* Power law
I*

m pow.
*

* Stretch grid for infinite boundaries

gen 0,1 0,400 400,400 1,1 rat i 1.1 i 1 6
gen same same 400,0 1,0 rat i 1.1 1 6,11 ,

ini x=1 y=0 i=11 j=1
ini x=0.987688 y=0.156434 i=10 j=1
ini x=0.951057 y=0.309017 i=9 j=1
ini x=0.891007 y=0.45399 i=8 j=1
ini x=0.809017 y=0.587785 i=7 j=1
ini x=0.707107 y=0'707107 i=6 j=1.

ini x=0.587765 y=0.809017 i=5 j=1
ini x=0.45399 y=0.891007 i=4 j=1
ini x=0~.309017 y=0.951057 i=3 j=1
ini x=0.156434 y=0.987688 i=2 j=1
ini x=0 y=1 i=1 j=1

i * Adjust grid for better distribution of elements
1

gen adj
gen adj

| gen adj
*

* Properties and stresses in Pascal units
;

prop a_1=le-25 n_1=3 bulk =le9 shear =3e8 dens =2000

* Boundary and initial conditions

fix x i=1



7. . . +f
- '

a
~;

1
a

i
, 3.2.1.7-15 !

:!T!
.,'

l

;fix y.i=11-
[

.

,. apply press 100e6 ja51
!ini.sxx'-100e6.syy -100e6'sz'z -100e6

* Keep some' histories >
;

* ' -'

< r
his unbal

;his'xvel 1=11Ej=1 i
,,

'*~

*-Come to elastic equilibrium first !* By timestepping
|*~.
,

e

step'1000'-

* 1
*'Save elastic state ,

"

. ,

save holl.say .

|r*

Histories, save.every 100 timesteps*
;

his n=100 *a

his unbal
his:xvel;i 11 j 1

' ,

*

;his:sxx syy szz l'10 j 9
,Lhis sxx i 10 j?15
his;sxx i 10'j.23
;his sxx':1.10 j 30

' *

j *: Set creep parameters
* Creep parameters based on elastic out-of-balance forces !1

{Timestep'willdouble.whenfoblessthanSe3,untildt=0.1 [
r:

set dt=le-4
set fobl=5e3 fobu=le8 1mu1=2 umu1=1 maxdt=le-1 mindt=0 :. set dt= auto
*>

,
.

t

* Time step to steady state, adjusting timestep as problem !
*: Approaches steady state. Keep save files in case timestep
* Increase proves to be too large.

t

.ste:5000
u, .sav ho12.sav
i set'maxdt=1-

ete 4000
say hc13.sav

g *end of problem r

+
.,I.
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! 3.2.2.1-1

!

[ 3.2.2.1 Conduction Throuch a Composite Wall

<| t

1
Problem Statement

An infinite wall consisting of two distinct layers is exposed to
2an atmosphere at a high temperature on one side and a low temper-

ature on the other. The wall eventually reaches an equilibrium
where it passes a constant heat flux and the temperature distri-
bution is unchanging.

Purpose

The purpose of this problem is to demonstrate the ability of FLAC
to simulate steady-state temperature effects, including convec-
tive boundary conditions and composite substances. ;

Problem Specifications ,

The two layers of the wall have the specifications as presented
'

in Table 3.2.2.1-1. Figure 3.2.2.1-1 shows the wall geometry and
boundary conditions.

Table 3.2.2.1-1

PROBLEM SPECIFICATIONS .

1 2

(T , o) 3000 "C 25 *Ctemperature of outside i

(h ,0) 100 w/m2 o C 15 w/m2 o Cconvection coefficient i

(k ,2) 1.6 w/m * C 0.2 w/m * Cthermal conductivity i

(d ,2) 25 cm 15 cmthickness l

--- ._ _



[~

j 3c2c2.1-2

I
p

-

k -1.6 ka-0.2i
3

1 2 3
h =100 o o "

i ho=15T -3000 C,
T'-25 C'i

d -25 cm d -15 cm3 2

Fig. 3.2.2.1-1 Composite Wall

Assumptions ''

The wall is of infinite height and width, and the temperatures of
the atmosphere on either sice are constant. The two layers, in-
dividually, are homogeneous and isotropic, and the conductive
contact between them is perfect.

Analytical Solutions
,

,.

The analytical steady-state solution to this problem is quite
'

simple and common. The total equilibrium heat flux is
;

- q/A = Ti-To/RT (3.2.2.1-1) -

|

where RT is the sum of the four thermal resistances:
R1 = 1/h , ;i

i R2 = d /k ,i i
'

( 3 . 2 . 2 .1-2 )
3 - d /k , andR 2 2

R4 = 1/ho.



~
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3.2.2.1-3 i

,

i

This heat flux is constant across the'three interfaces, and so
'

after setting this flux, equal to the temperature difference di-
vided by the interface resistance and solving for the unknown, we
arrive at

!

q l ,

T1 = Ti A
' -*-

hi
,

diq
-*- (3.2.2.1-3)T2 = Ti A ki

d2q

T3=T2A k2
-'-

l
,

The temperature will vary linearly between the three..

Computer Model

The wall is idealized by the geometry shown in Fig. 3.2.2.1-2.
Since the model is infinitely long in one direction, the model is ;

essentially one-dimensional, and horizontal boundaries may be i

. represented as adiabatic boundaries.

Adlabatic Boundary

|

V////////////////////B///////fM/fffffff//////#4ff/Mffff/////A

L g einterface
Wk

L Convective Boundary

|

Fig. 3.2.2.1-2 Idealization of the Wall for the FLAC Model

| ;

. _ .
_ _

>
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3.2.2.1-4e

In the FLAC analysis, the wall is discretized into a row of fi-
nite difference zones (Fig. 3.2.2.1-3). An adiabatic boundary
condition- (zero heat flux acrosc boundary) is applied to the top
and bottom of this grid to simulate the infinite dimensions of
- the wall. The appropriate. convective boundary conditions are ap-
plied to the ends of the grid, and two different sets of thermal
properties are applied to model the composite material,

a m u r - si. s-. = c m e m w .c .
' ' "r u c w s.an

ggs . . .

saanees oises

Tim. 4.573BE.05
*

tJRRE4R e4 4.3EEE41
at.087E41 ey< 1847E41

awm J

~
' ' ' ' '

I| | | | | | | | | | | | | | | |

!-
.

.

...

.4 H5

.A .A .6 .A .A .A .A .A

!

,

Fig. 3.2.2.1-3 Zone Distribution
i

i

n

---- _ __ _ ____ __ _ _ _ _ _ . _ . _ _ _ _ _ _
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3.2.2.1-5 ~

|

Results
|

Figure 3.2.2.1-4 shows a graphical representation of the steady-
state temperature distribution which was normalized with the in-
side temperature and the distance by the total width of the wall. 4

FLAC results versus the analytical solution are shown. Table )
3.2.2.1-2 displays a more precise comparison for five points
along the wall, including the three interface points (" Interface"
refers to thermal properties, not a mechanical interface.).

''
| nge

Analvueel
'

02 -

,

Os -

,

0,4 -

L2 -

0 , , , , ,

0 OJ 0.4 0.8 02 1

Normellaed DWenee

Fig. 3.2.2.1-4 Temperature vs Distance Comparison Between FLAC
and Analytical Solution

1

|
|

|
.

|
| 1

'

| i

g

|~
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3.2.2.1-6

Table 3.2.2.1-2

COMPARISON of FLAC RESULTS AND THE ANALYTICAL SOLUTION

Position Analytical N) _| FLAC(C) % Error

T 0 2970 2970 Nonei

0.125 2733 2733 None

T, 0.250 2497 2496 -0.04

0.325 1362 1361- 4.07
T 0.400 226.7 226.7 None3

p_iscussion

The comparison between FLAC and the analytical solution shows
that, . for this simple one-dimensional problem, FLAC produces ex-
cellent agreement. The errors on both the boundaries and the in-
terface are negligible (< 0.1%) .
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3.2.2.1-7 j'
'

' '
;,

rJnout Data File,.' '

,

**********************************************************************
* FLAC Verification Problem - One-Dimensional Steady-State Temperature
-* Distribution of a Composite Wall Subject to-Convective Boundaries

& - ********************************************************ua************
* Configure FLAC for thermal calculations

.'*

conf th
*.
'*' Create grid
*

'

gri 16'1
*
* Set elastic material and isotropic thermal model
* |

m e th_1
* .,

' s* Move grid into desired geometry

gen 0,0 0,0.025 0.4,0.025 0.4,0

* ' Material properties

prop dens 10000 spec 300
prop cond 1.6 1.1 10 * (material 1)
prop' cond' .2 i 11.16 *- (material 2) ;

* Set Initial. Temperature
*

i
ini tem 2000

|*
Apply Boundary Conditions*

app conv 3000 100 1 1 * (convection, boundary 1)
(convection, boundary 2)app cony 25'15 i 17 *

*
* No mechanical steps, solve for thermal only
*
set mec of
solv ste 5000 clo le10 tem le5
*
* Save final state
*

save thcase2.sav .
,

* end of problem

L

- _ _ _ _ _ . _ _ _ _
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1
3.2.2.2-1 ?

3.2.2.2 Steady-state Temperature Distribution Alona a
Rectancular Fin |

|

Problem Statement

A rectangular fin exchanges heat between a wall of constant tem-
perature and an infinite reservoir of fluid. As equilibrium is |

reached, the' heat flux through the fin and its temperature dis-
tribution become constant.

-

Rued Temp.

Convection Boundary

: : :: -- _. _ _- _ _ - :: - -_ _-- - __
_ ____ _____ ,

_

_

n
s.33 cm 1too'c

U
, . .................................................. 3

'

33.33 cm

Fig. 3.2.2.2-1 Temperature Distribution of a P.ectangular Fin
,

Purpose

The purpose of this problem is to demonstrate the ability of FLAC
to model two-dimensional steady state temperature effects.

,

|
Problem Specification

! The fin is 8.33 cm high, 33.33 cm wide, and infinitely long. It

is attached to a wall maintained at 1100 *C, and is immersed in a
fluid maintained at 100 C. The fin has a thermal conductivity

of 15 w/m 'C and a convection coefficient of 15 w/m2 oC.

L
|

|
1

- - --. ___ .- ._ . - _ _ _\
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3c2.2.2-2

Assumption

'
The fin is infinitely long in the plane perpendicular to the ana-
lyzed section, so that the problem may be considered two-,

E dimensional. The fin is isotropic, homogeneous and continuous,
and its thermal properties are temperature-independent. Both the

' wall and the fluid are assumed to be infinite heat reservoirs.

Analytic Model

The solution to the problem of a fin of finite width with a con-
vection condition at the end is given by J. P. Holman (1986) .

T-Ta , cosh (m(L-x) ) + (h/mh) sinh (m (L-x) ) ]
To - T. cosh (mL) + (h/mk) sinh (mL)

where T. is the temperature of the fluid (100 'C),

To is the temperature of the wall (1100 'C) ,

'

L is the width of the fin (0.3333 m),

h is the convection coefficient,

k is the thermal conductivity (15 w/m2 oC), and

. m is equal to (hP/kA)l/2, where

P is the perimeter, and

o A the cross-sectional area of the fin.

|

| In the case when the fin is of infinite length, P/A goes to 24;

| thus, M has a value of (24 ) l/ 2, or 4.89898.
|
|

\

.

|
,
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3.2c202-3
.|
i

Computer Model

In the FLAC model, the fin is divided'into a row of finite dif- 1

ference zones (Fig. 3.2.2.2-2) . A constant temperature boundary
condition is applied to the left side. The problem is then ;'

thermally cycled to equilibrium.
.

mm.- - - ,- - - . ; m
.

nAcfwressa sJe ,,

iasest
. . -

. ini

=% .
2EOIE0 . . .

g

'. ,'e .i
'"

<

._

, edED

,4m

.a .. ..w .e .4 .6

Fig. 3.2.2.2-2 FLAC Zone Distribution

Results

Table 3.2.2.2-1 and Fig. 3.2.2.2-3 show a comparison between FLAC
-results and the analytical solution. In all cases the error is
within i 0.25%.

Because the FLAC model was only one zone high, the temperature
|

distribution in the y direction was not calculated. This could -

,

be done easily by giving the grid a number of zones vertically,
although calculation would rise.|

Discussion

The agreement provided is excellent, verifying the conductive and
convective heat transfer logic in the code.

1

I
; Reference

Holman, J. P. Heat Transfer, 6th Ed. New York: McGraw-Hill,

1986.

.. . _ _ - - _ - - _ _ _ _ _ _ _
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3.2.2.2-4

TABLE 3.2.2.2-1

-COMPARISON OF FLAC WITH ANALYTICAL SOLUTION

'

. T ('C)
x/L Analytical FLAC % Error
0 1100 1100 None

0.11 943.1 943.3 0.02
0.22 813.9 814.3 0.05',.

O.33 708.4 708.9 0.07
0.44 623.0 623.5 0.08
0.56 554.7 555.3 0.11
0.67 501.5 502.2 0.14
0.78 463.4 462.3 -0.24
0.89 433.5 434.3 0.18
1.00 416.5 417.3 0.19

1

L ' '

| FLAC
-

" ~
l

Anal leal

{u -

0.r -

!

,

|

u -

0.4 -

'

O O 0.4 0.0 0 1

_ .0 ...,
i
|

.. 1

Fig. 3.2.2.2-3 Temperature Distribution of a Rectangular Fin
- FLAC Results and Analytical Solution

1

1

. _ _ ,
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I Data Inout File
j

******************************************************************* ,

~* FLAC Verification Problem - Steady-State Temperature Distribution
* in a Rectangular Fin With Convection To External Fluid
-*******************************************************************

1tit
Steady-state Temperature Distribution Along A Rectangular Fin

1

Configure FLAC for thermal logic'

*- ,

'*

conf th ,

i,

*
*' Create grid- .,

*

gri 9 1
* *

' Set' elastic material and isotropic thermal model*-
*

m e th_1f
- *

.

Move. grid into desired shape*
*

gen 0,0.0,0,0833 0.3333,0,0833 0.3333,0 i 1 10 ,

Material. properties*-

prop de 1000 sp 300 con 15

Apply boundary conditions - convection on three sides, constant*
Temperature on one side.* ,

*

app cony 100 15 3 1 .

c app cony 100 15 j 2
L app cony ~100 15 i=10

fix t 1100 i 1
*

* Set fin's initial temperature
*

ini tem 1100
*

|
* Thermal calculation only, step to equilibrium
*

set mech off
*
* Solve command
*
solv ste 1000 tem 1500 clock le10

. _ _ _ _ _ _ _ _ _ _ _ .
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E's 3.2.2.2-6 ,

$-
'

4

o . *

L Set up;a disk results file*-

t. *
set' log on: '

*.,

'
* ' Write results~to disk'
*
pr x

L: pr temp ,

'

[' setElog off
,. .

! * Create save file
0

. *

[ save thcasel.say
end'of problem' *-

k .
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w

s

t

i

k

s

|

|

1

-

'

|

|

- ~- .w-- -.
_ _ , _ _ _ _



ym m
s

q
.3.2.2.3-1

,

..

1

3.2.2.3 Thermal Response of a Heat-Generating Slab
,

Problem statement
.

An infinite plate of thickness 1 m and constant' surface' tempera- ,

ture internally generates heat. This problem determines the
transient temperature distribution after application of the above
initial boundary conditions. ;

.

q = 40 kW/m*

32 C 32 C >

!c >
1m

' Fig. 3.2.2.3-1 Heat-Generating Slab Showing Initial and Boundary
Conditions

>

Purpose

The purpose of this problem is to demonstrate the ability of FLAC
to model transient thermal behavior, including heat generation.

Problem Specification

The physical properties of the plate in question are
.

density (p) 500 kg/m3

specific heat (C ) 0.2 kJ/kg 'Cp

thermal conductivity (k) 20 w/m 'C
s

The plate is initially at a uniform temperature of 60 'C, the'

surface is then fixed at 32 C, and the plate itself has internal
heat generation of 40 kW/m3,

I

|
|



y -

,
),

c

':
3,2c203-2

L
.

'
Assumptions

The plate is infinitely long with a finite width. The material '

i

L of the plate is homogeneous, isotropic, continuous, and its
thermal properties are' temperature independent. After the condi- j'

( tions are applied, the surface temperature is constant and the
! heat generation is uniform. The resulting conditions are assumed

to~be linear, and symmetric about the midline of the plate.

Analvtical Model
t

The solution to this problem is determined graphically using the,

Binder-Schmidt construction method. The analytical values inl' Table 3.2.2.3-1 were derived from Fig. 12-10 of Schneidcr (1955,p. 309).

Computer Model

The simplification of this problem for analysis is shown in Fig.
3.2.2.3-2 and the corresponding FLAC grid is given in Fig.,

'

3.2.2.3-3. Because the plate is infinitely long, and because the
heat generation is uniform, symmetry conditions exist for any
plane perpendicular to the long axis of the plate. These are.represented by adiabatic boundaries. Since equal temperatures
exist one either side of the plate, a symmetry line also existsdownt the center of the plate.

The thermal timestep is set to 1 x 10-3 seconds, and stepped to atime of 0.2 seconds.

Adiabatic Boundary

|Fixed Temp. q = 40 kW/m I
8

32 C
,

3< >
|

0.5 m i

''//H/////////////H/////A

Fig. 3.2.2.3-2 FLAC Model of Slab '

|

|
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Fig. 3.2.2.3-3 FLAC Zone Distribution

Results .

!

Figure 3.2.2.3-4 shows a graphical representation of the tempera-
ture distribution results of both FLAC and the analytical solu--
tion. . Table 3.2.2.3-1 gives a more exact comparison. It can be
.seen'.that the FLAC results are in very good agreement with the
analytic solution (1.33% max error) .

!
too

i_m

!

tso - |
\

g too -

FLAC*
.

so - Analytical

i

so -

.o - ,

t I e i 1
'

o e.1 c.: o.3 o c.s
I

Horirontal Distance .

Fig. 3.2.2.3-4 FLAC and Analytical Temperature Distributions
Across the Plate at 0.2 seconds

,
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'
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!-
h

h TABLE 3.2.2.3-1
!

-

COMPARISON BETWEEN FLAC RESULTS AND THE ANALYTIC SOLUTION,

i

|.

T ('C)e

. x(m) Analytical FLAC % Error,

0.0 32 32 None
0.1 75 75.6 0.80
0.2 105 103.6 1.33
0.3 120 120.3 0.25
0.4 129 128.9 0.08 I

0.5 131 | 131.5 0.38

,

Discussion

With only five zones, FLAC produces good agreement with the an-
alytic solution at a particular time, although similar agreement
could be obtained for any time. The error could be reduced by

_

increasing the discretization dencity of the plate.

Reference

Schneider, P. J. Conduction Heat Transfer. Cambridge, Mass.:
,

Addison-Wesley, 1955.
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- Data Input File, )
i

'

1

****************************************************************** i
,

* FLAC Verification'Problemi- Transient Thermal Response of a Heat ;'

*' Generating Slab 4

******************************************************************- ,

tit
.

.

i~ Thermal Response of a Heat-Generating Slab
*
* Set thermal configuration
a

i
conf th
*
* Grid '

*
gr 5 1

,

*

L * Mechanical elactic and thermal isotropic material models i
~

| *

m e'th_i'

* -

* Give coordinates to the grid
'*

gen 0.0.0 0.l'O.5 0.1 0.5 0
*
'* Gupply properties"

'
*

prop dens 500 cond 20 spec .2

*' Initial' slab temperature
*-

ini tem'60' '
*

* Apply heat. source to. slab
*

app source 400 0 0 i 1 5 j 1
'

*
* Temperat'ure boundary condition at left-hand boundary
*
fix t 32 i 1
*,

| * Manually set thermal time step.

L
*
set thdt=le-3

7 set mec of
| *

*

|
t

| ',

L

L

|
'

_. _ . . _ _ _ _ . _ . _ _ . _ _ _ . _ _ _ _ _ _ - _ _
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.i 3.2.2.3-6- 1i.

. .i

-)?
'

=i

,

1

*: Initiate.timest.epping i,.

t *
%- ' sol'ste 200. tem 200'

*

;.> :* Save the results
. .y s

,

f save-thcase3.sav-

(> '*'end of problem-
,

!

,

i

,

. f'

|

'

o
|
|

|.

|.
,
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|

f'3.2.2.4 Transient Temperature Distribution in an Orthotrooic Bar

i

,

Problem Statement
,

A long orthotropic rectangular bar at a uniform temperature is
exposed to fluid at 100 'C. The temperature at four points are
measured after'being exposed to the fluid for a known amount of ;

time. The dimensions of the bar is crost ?ection are given in '

rig. 3.2.2.4-1. ;

i .Y !
(o.o.estss) -

* 8 |g

e.1essem to,o)
-' C 4

o (o.iess,0) .

: s.smm : :

|

,

Fig. 3.2.2.4-1 Orthotropic Bar

Purpose

The purpose of this problem is to demonstrate FLAC's ability to
model transient thermal response in a two-dimensional orthotropic '

problem, with convective boundary conditions, j

Problem Soecification

The bar has dimensions 0.3333 m wide, 0.16666 m high, and is in-
finitely long. The material the bar is made of has the following
material and thermal properties:

density (p) 40 kg/m3

x-thermal conductivity (kx) 20 W/m 'C |

y-thermal conductivity (ky) 3.6036 W/m 'C,

|

(C ) 9.009x10-3 j/kg 'Cspecific heat p

convection coefficient 240 W/m2 cc

1

| |
1

I

. _ _ _ . . _ . _
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L h
The bar is initially at 500 'C, and the surrounding fluid has a

i temperature of 100 C. The temperature distribution is found
[ Mfter 8.3333 x 10-4 seconds of exposure to the fluid.
L. i
>> .

1

Assumptions
|,

W |

| The bar is infinitely long, homogeneous, and thermally ortho- i
tropic. The thermal properties are temperature independent. It '

is assumed that the problem is symmetric about both the x- and y-
axis, the fluid surrounding the bar acts as an infinite heat res-

i

ervoir. |

Analytical Model <

,

The analytical expression for the transient temperatures on the
surface or interior of a semi-infinite rectangular bar subjected !
to convective surfaces is computed from products of available ;
one-dimensional solutions (e.g., Schneider, 1955, p. 247). For a i

semi-infinite bar, the product solution is of the form ;

*

T (x1, x2 s X3, t ) - T. >

= S (xis t) P (x2, t ) P (x3, t ) ,

TO - T. ;

i

where T(x1,x2,x3) = temperature at a particular three- f
dimensional coordinate,

To = initial temperature of the bar, j
T. = temperature of the surrounding fluid, [
t = timo, !

:

S (x1, t ) = transient solution for a semi-infinite body, !

where x is the direction of infinite extent, i

and |

P (x2, t ) , P (x3, t ) = transient solution for a plane wall, j
:
'The values of S (x1,1), P (x2, t ) and P (x3,t) are given in table

.
form as functions of the Fourier and Biot numbers. For this i

l- problem, the P (x2,t) and P (x3,t) functions will be different due
to the directional dependence of the thermal properties. The

'

calculations for these parameters are given in Schneider (1955, i
p. 262).

L

1
1
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,

computer Model
,

' In the FLAC analysis, an area representing one-quarter of the bar !
is discretized into infinite diffe'rence cones. The zones are i

. concentrated toward the exposed corner of the bar. The inside !
surfaces are kept at an adiabatic state representative of the Isymmetry conditions, while the outside are given a convective

!boundary condition.
,l
4

I
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!
_xo

u3.aanna.wauuun,,ran. -
,
,

'

O,15557 '

|
i

i

!
:Fig. 3.2.2.4-2 FLAC Model of Orthotropic Bar t
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Results

Figure 3.2 2.4-4 shows the temperature contours of the bar after
8.3333x10-4 seconds and 576 cycles. Table 3.2.2.4-1 compares the
FLAC results with the analytical solution at the four locations
shown in Fig. 3.2.2.4-1.

= = . . . - - . _ . ,

rucoww.a sm . . .

m
'~y,y ,.

i5' fdI5I: % ~
l

'

.'. ||''." . .
" ""

!.s:_ =,- _

,- N l-

. _

7 '\ j_

:
m ;

!
.

.....c......c.
,

i

!

Fig. 3.2.2.4-4 Temperature Contours After 8.3333 x 10-4 Seconds

i
Table 3.2.2.4-1 :

COMPARISON OF FLAC RESULTS WITH ANALYTICAL SOLUTION [
!

!

T(*C) i
X Y Analytical FLAC % Error

0 0 458.7 462.1 0.74

0.1666 0 280.5 285.1 1.64

0 0.083333 198.2 199.8 0.81e

0.1666 0.083333 149.4 151.0 1.07 :
,

?

i
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Discussion
f~

The results show-that the PLAC model agrees very well with the
analytical solution ( < 2% error) . Reducing the timestep would
have an improving effect, probably more than could be obtained by
increasing the number of zones. This problem verifies the abil-
ity of FLAC to model a transient thermal problem with direction-
dependent thermal properties.

Reference

Schneider, P. J. Conduction Heat Transfer. Cambridge, Mass.:
Addison-Wesley, 1955.
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[ Data Input File

L-
'

y ********* *******************........** .a.**..**..........**,... ,

FLAC Verification Problem - Transient Temperature Distribution*

In A Thermally-Orthotropic Bar,; *
j *********.**********************ena*****nenne********************
'

tit
Transient Temperature Distribution in an Orthotropic Bar

Configure FLAC for thermal logic*

conf th
; *

Create grid*
a

gri 14 10
* l

i * ' Material model elastic, thermal model isotropic {
L *

!

m e th_an j
* :.

Mechanical and thermal properties '*
,

prop dens 400 spe 9.009e-3 xcon 20 ycon 3.6036 |
*

Initial temperature condition*
* >

ini tem 500 !
*

.

Apply convective boundary conditions ,

*
t

app cony 100 240 i 15 $ 1 11 ,

app cony 100 240 i 1,15 j 11 i

'*

Conform grid to desired geometry* '

* -

gen 0 0 0 8.3333e-2 1.66667e-1,8.3333e-2 1.66667e-1,0 rat .9.9 :
+

*

Set thermal timestep and cycle to desired total time*

i

set mec of -

set thdt=1.4468e-6
t*

* Step.to specific comparison time
*
ste 576
*

Save problem state* -

save thcase5.sav
end of problem*

|

l .

1

!

| t
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3.2.2.5 Semi-Infinite Slab with ADD 11ed Heat Flux

Problem Statement
,

This problem concerns a semi-infinite elastic mass which has a !
constant heat flux suddenly applied to its surface (Fig. 3.2.2.5- |1). Thermal expansion causes a stress change in the slab. Both i

the transient heat transfer behavior and the stress state can be j
solved foe analytically. !

4

' M |
= '

=

._
;

9 *

=

=

= .

+

,

Fig. 3.2.2.5-1 Semi-Infinite Slab with Applied Heat Flux

Purpose
i

The purpose of this problem is to compare the performance of FLAC i

on a transient heat transfer problem with corresponding thermally- i

induced stress for an elastic body.
:

Problem Speci fications

The slab is initially at a uniform temperature of 0 'C. A heat Iflux of 1 w/m2 is applied to the surface. The elastic slab was
modeled as having the following material properties:

.

'
-

Young's modulus (E) 1 KPa

Poisson's ratio (v) 0.25

thermal diffusivity (K) 1 m2 s/
| <

t

[

1
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' 3020205-2

linear thermal expansion 3 /' C
coefficient (=)

thermal conductivity (k) I w/m 'C

' . Assumptions
.

The slab is a homogeneous, continuous, and isotropic half-space. I
The material is perfectly elastic, and its thermal properties are l

temperature independent.

Analytic Solution

The analytical solution for the transient thermal response is h
given by Carslaw and Jaeger (1959, p. 75) . |

!

I
1/2 i

*-

2q ~ wt ' (-x2/4xt) x x* "

T (x, t) e - - erfc
x. 2 - 2 (gt} 1/2 .

}k .

|

where q is the applied heat flux, and [

erfc( ) is the complex error function.

!
The solution for the thermally-induced stress state is given by [

Timoshenko and Goodier (1970, p. 435) : !

t
,

=ET ;

oy =
1-v |

:

!
|The temperature of a zone was calculated by finding the average

temperature of its adjacent gridpoints. |
{

,

l

I
|

:

i

! i
i !
| h

| :
L

,

- - , , _ , - - - - . . - , . - - , n .



, y,i

3.2.205-3,

l

Computer Model

Since the therma \ problem is one d2mensional (Fig. 3.2.2.5-2),
the slab was simulated by a row of tones of one zone width in
height (Fig. 3.2.2.5-3). A constant heat flux was applied to the 3

!

left boundary, while the rest of the boundaries were kept adia-
batic to represent thermal symmetry planes. The right boundary I

was extended far enough to simulate an infinite depth. The upper !

and lower boundaries were mechanically fixed in the vertical di- irection to represent shear-free symmetry planes. The problem was
then cycled to a time of 0.2 seconds and 1.0 seconds after the
application of the heat flux, and the resulting temperature and
stress distribution were recorded.

Adlebatic Boundary,

e-- , _----,
.

9 E
% ____ m _a

Fig. 3'2.2.5-2 FLAC Conceptual Model
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Fig. 3.2.2.5-3 FLAC Zone Distribution
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Besults-
Tables 3.2.2.5-1 and -2 show the agreement between FLAC results
for temperature and stress and the analytical solutions. Figures
3.2.2.5-4 and -5 show these results graphically as well.

Table 3.2.2.5-1

COMPARISON OF FLAC WITH ANALYTICAL SOLUTIO!1 FOR THERMAL RESULTS
.

Analytical FLAC i

t;me(soc) x(m) T ( 'C) T ('C) % Erter i

i0.2 0.0 0.5046 0.4985 1.21

0.2 0.3297 0.3240 1.73 {
0.6 0.1161 0.1133 2.41 !

1.0 0.03073 0.03037 1.17 3
'

1.0 0.0 1.128 1.126 0.18 .

fO.2 0.9396 0.9370 0.28

0.6 0.6284 0.6261 0.37

1.0 0.3993 0.3975 0.45

!
!Table 3.2.2.5-2

COMPARISON OF FLAC W1TH ANALYTICAL SOLUTIOli [
FOR STRESS RESULTS i

t

t

i

I

Analytical FLAC I

ftime (sec) x(m) Stress (KPa) Stress (KPa) % Error
;

0.2 0.1 1.644 1.649 0.30 !

0.3 1.041 1.1047 0.58 ,

0.5 0.6184 0.6259 1.21 l

0.7 0.3426 0.3514 2.57 ;
i

) 0.9 0.1763 0.1859 5.45 |

| 1.0 0.1 4.125 4.135 0.24 ,

O.3 3.415 3.427 0.35 i'

0.5 2.793 2.804 0.39 ,

0.7 2.255 2.269 0.62 >

0.9 1.798 1.812 0.78

,

!

>

_
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Discussion |

After one'second, FLAC produces results that are in excellent 1,'

agreement with the analytical solution (<1% error in both temper- '

ature and stress). While the' errors are larger at a time of 0.2
seconds (<34 temperature, <6% stress), this can.be attributed to

[ the relatively small magnitude numbers involved. The error could
L be decreased by using either a smaller thermal timestep, or a

finer mesh.
g
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FLAC Input Data File

*****************************************************************
I* FLAC Verification Problem - Transient Temperature and Stress

* Distributions in a Semi-infinite Slab With Applied
* Surface Heat Flux. Compare Temperatures and Stresses For
* Times ti and t2.

<

***************************************************************** j
,

tit
Semi-infinite Slab with Applied Heat Flux

* Configure model for thermal analysis
|*-

conf th ;

*
* Create grid ;-

*

gri 25 1 ,

'*
* Mechanical elastic and isotropic thermal models ;

* ;

m e th_i ,'

* t

* Properties ;

e

prop bu .67 s .4 d 1 cond 1 spec 1 thexp 3 ;

'
* ,

* Give grid coordinates
,

gen 0 0 0 0.2 5 .2 5 0 '*
* Apply flux boundary condition along left-hand side 1

**
app flux 1 0 1 1 ;

* !

* Mechanical boundaries
* :

fix y j 1
!

fix y j 2
fix x y i 26
*

* Manually set thermal time step
*

set thdt=8e-4 ,

*

_ _ _
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3.2.2.5-8-
'

i.

"
.

'l

* Thermal timestops only to time t1
t

set mec of th on
*

* Solve
*

solv clo le10 tem le10 step 250

* Now solve mechanical problem
L set mec on th of

.

I * Timestep to mechanical equilibrium
i
$, ste 700
is. *

* Save state
*

f sav.thease41.sav

* Solve thermal only again to time t=t2

set mec of th on
*

* Solve thermal problem to t2
,

solv clo le10 tem le10 step 1000

* Again, determine new thermally-induced stresses from
* New temperature distributiens
,

I set mec on th of
*

1 Mechanical timesteps*

i
; ste 700

*

* Save state 2
*
say thcase42.sav
end of problema
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3.2.3. Fluid Flow.and Coupled Hydro-Mechanical Problems |

The following verification analyses compare FLAC'to analytically-
derived solutions for a variety of fluid flow and coupled hydro- j

mechanical' problems. ;
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|

3.2.3.1 Transient Fluid Flow to a Well in a Confined Acuifer ;

I
1

Problem Statement ]

Conditions of fluid flow to a well completely penetrating a con- !
fined aquifer are illustrated schematically in Fig. 3.2.3.1-1.
Horizontal, radial, axisymmetric flow in the porous medium is re- ,

sisted by viscous drag forces mobilized in the soil matrix. !

Yield of fluid from the pore structure is determined by the com-
pressibility of water, the porosity of the aquifer, and the com-
pressibility of the soil matrix. Production from the aquifer
therefore represents a state of coupled compressible fluid flow
and solid deformation.

1
!

1
|

|

+Q = Constant
- _

# # # # *I ***/YWrf/5/A/////pgjj,"f jj7(fffff0}}}/s}&ffN)fEk//

-,'L"*t %=L*L*." - - - - .
. - - - - - - - - - h, *P;''**"~ ' '

~ yo;J&wn
'

,,, n. r = r.,

I's / connnho 19 ,

h g[h statum h=H (*0' YOI
|
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aquifer ,. .
_ || K- - b- .-j,.

."i (K. Y). s' w .5- *4
. ,h . - h a' 2*~~' oconnne ,, ' , _

i t- -, . ,

- i:
.

,, , , ' |7 ii, ,_. .-o. , .
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_ fit :
'-
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Fig. 3.2.3.1-1 Radial Flow to a Well Completely Penetrating a
Confined Aquifer (de Wiest, 1965)
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Purpose

The purpose of this exercise is to demonstrate that FLAC can sim-
ulate porous flow and-consolidation in a medium subject to a tri-
axial state of stress. Because analysis of transient flow in a
confined aquifer takes account of both soil matrix consolidation
and fluid motion, the problem examines the performance of the
code in handling coupled porous solid-fluid flow systems.

Antivtical Solution-
The governing equation for fluid flow to a-well penetrating a
confined aquifer is the Poisson equation (de Wiest, 1965)

|

,

B2h 1 Bh S Bh i
+- (3.2.3.1-1) |Br2 r Br T 8t

-
:

In this expression, h is the piezometric head, r is the coor- ;

dinate radius, .and S and T are aquifer hydraulic characteristics, i

called the storage coefficient and the transmissivity, respec-
.

tively. The transmissivity is defined by: :

;

T = Kb (3.2.3.1-2) ,I

where K is the hydraulic conductivity of the aquifer, and b is '

.the aquifer thickness. The storage coefficient reflects both the
deformability of the soil matrix and the compressibility of :
water. It is given by

S -Ssb (3.2.3.1-3)

In Eq. (3.2.3.1-3), Ss is the specific storage, expressed by
,

t

Ss " Tw (a + n ) (3.2.3.1-4)

__
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;
i.

i '' 302c3 1-3 :0

L ,

,

. where 1% is the unit weight of. water, ;
:,

a is the axial compressibility of the soil' matrix, !

L n.is.the porosity of the aquifor, and
;. .

'

$ is the compressibility of the pore water, j[
'

.

L

Because the aquifer is subject to uniaxial deformation during ,

p consolidation, a is given by the inverse of the elastic modulus
'

'

F for uniaxial strain:
:r

; :
,

!1 (1 - 2v) (1 + y)
n = -- (3.2.3.1-5) :

Es (1 ~ V) [
;

,

where Es is the Young's modulus for the soil matrix.
.

The compressibility of the pore water is the inverse of the bulk
' modulus--i.e., i

i

(3. 2. 3.1- 6) !
i

p = Kw
--

;

The boundary conditions are, for time t > 0, h -> ho as r -> ** |
and

Sh Q
lim (r --) =

r->0 Br 2xT |
:

!

The initial condition is, for t 5 0, h(r,o) = ho.

Thies - (1935) obtained a solution for Eq. (3. 2. 3.1-1) in the form :

0
Ei(-u) (3.2.3.1-7) |'h = ho 4xT F

- - - .
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e

where Ei(-u) is the exponential integral with argument

u = (r2S/4Tt).
.

For small values of r, or large values of t, Eq. (3. 2. 3.1-7) maybe expanded in the form
!

o - h = 2.30 0 log (2.25Tt/r2 ) (3.2.3.1-8)l a=h Sant
o

or

o - h = 2.30 0 log (2. 25Tt/S)
'

2.30 Q ls=h log (r) (3. 2. 3.1-9)-

4RT 2nT
|

iBecause Eq. ( 3. 2. 3.1-9) characterizes the performance of the
|aquifer analytically, it may be used as the solution against

which to assess the capability of FLAC to model transient porous 3
'

flow in a compressible medium.
!

.Computer Model
-

;

The FLAC model of the confined aquifer is shown in Fig. 3.2.3.1-
2. The aquifer was 10 m thick, and the well was 1 m in diameter. ,

The initial. piezometric surface was 15 m above the aquifer upper ;

surface. A uniform aquifer pressure of 147 KPa was assumed. For ithe axisymmetric problem geometry, the remote boundary of the !

problem domain was taken ae 100 m from the genter of the well.
i.The pumping rate from the well was 2.21x10-Z m3 s. Other prob-/

j lem parameters defining the model are as follows. ,

'

Mechanical Properties of Soil Matrix
!>

Young's modulus E = 177 MPa
~

Poisson's ratio y = 0.25
I

from which are derived:'

shear modulus G = 71 MPa

bulk modulus K = 118 MPa i

!

_ - _

_ _ - _ _ - - _ _ _ _ _ _ _ _ _ _ _
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f

Hydraulic Properties .

porosity n = 0.4
,

bulk modulus of water K = 2 GPa

hydraulic conductivity K = 2.92x10-4 ms-1 |

transmissivity T = 2.92x10-3 m2s-1
,

S = 4.81x10-4 |storage
J

!

t

!
i

|
s

!

t

,

i

>

!
,

,

?

!

i

'

8

Fig. 3.2.3.1-2 FLAC Mesh for Axisymmetric Analysis of Flow to a ,

!Well
t

.

'

The analysis was conducted by modeling discharge from the well
for an elapsed time of 100 sec. Because of the relatively high i

permeability of the aquifer, this elapsed time was sufficient for
drawdown to occur over a reasonable radius, and also sufficient ;

to prevent hydraulic interaction between the well and the remote |

boundary of the model domain,
i

| I

i
'

i

f

!

1

-- _ _ .
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Results

|' The performance of FLAC may be assessed by considering the
!. numerical output from the well analysis in the same manner as a

field pumping test on a well. In this way, via the de Wiest so-
lution to the Theis curve, the aquifer hydraulic conductivity and
storage may be recovered from the simulated drawdown data derived
from the FLAC analysis.

' The gridpoint pore pressures determined in FLAC may be converted
directly to piezometric head, for comparison with the distribu-
tion of head defined by Eq. (3.2.3.1-8). A comparison between
the radial distribution of head predicted from the analytical
solution and that derived from the FLAC analysis is presented in
Fig. 3.2.3.1-3. It is observed that there is close cor-
respondence between the independent solutions.4

20

|

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L* i* LHgs ,$ , , _ , , _ , , , _ _ _ _ _ _ _ j_ i5
E -

,
-

~

FLACE e
10 wg

f

.

EL 5 -

''''' ''' ''' ''' ''' '''0 ''
<

0 5 10 15 20 25 30 35 i

Radius (m) *

|

Fig. 3.2.3.1-3 Comparison Between Analytical and FLAC Solutions
for Head Distribution Around a Pumped Well

- __ _ _ _ _ _ _ _ _ _ _ _ _
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The FLAC drawdown data is plotted in Fig. 3.2.3.1-4, as a func-
tion of.the logarithm of the radial coordinate. The linear plot
at low values of r yields a slope of -2.76. From Eq

this corresponds to a transmissivity of 2.93x10-$ m(gs.2 3.1-I, and9),
a hydraulic conductivity of 2.93x10-4 ms-1 This compares favor-
ably with the value of X of 2.92x10-4 ms-1 used in the FLAC an-
alysis.

The storage coefficient may be calculated from the intercept on
the log r axis of the linear plot shown in Fig. 3.2.3.1-4.
For drawdown s = 0, log (r ) = 1.52, and S = (2.25 Tt/r 2) .o o
6.0lx10-4

The mechanical and hydraulic properties of the aquifer used in
the FLAC analysis correspond to a storage coefficient of
4.81x10-4, which is about 20% different from the value derived
from treatment of the drawdown data. The difference may be ac-
counted for by the logarthmic term involved in the estimation of
the storage, and the consequent loss in precision.

Other results of FLAC analysis, including plots of distributions
of pore pressure, principal stresses (major, intermediate (o00)
and minor), and y-component of displacement are presented in
Figs . 3. 2. 3.1-5 (a-e) . The plots are, in all respects, consistent
with theoretical predictions of aquifer consolidation during dis-
charge.

e

4 -

.

e -

I
e

8 -

i -

|
'

.

*
. .

,
e es i 54 :

bot

Fig. 3.2.3.1-4 Plot of Drawdown versus Log (Radius Coordinate)
(Best fit line to FLAC solution for Estimation of
Aquifer Hydraulic Properties)
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| DiscusE12H

'
The FLAC analysis of discharge from a confined aquifer confirms

c that the code correctly simulates porous flow and consolidation
t- in a' saturated compressible medium. It suggests the code is use-
I ful for many problems in which consolidation or swelling is the

1

i controlling phenomenon,

i
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Data Inout File

******.**************************************************************
* FLAC Verification Problem
* Transient Flow to a Well Penetrating a Confined Aquifer
* Comparison with the Theis Solution
* This Problem Tests the Logic for Fluid Flow and Solid Deformation
*********....***....******. ***.a .************...*******************
*

title
Unsteady Flow to Well

*
* Specify axisymmetry and groundwater options,

' *

i config axi gw
t 1 *

* Specify grid
*

f

gr 50,5
*

l' * Elastic rock mass
e

model elas
*

4

L '* Properties
*
prop porosity 0.4 perm 2.98e-8
prop bulk 1.18e8 sh 7 le7 dens 1560
water dens 1000 bulk 2e9
.

* Create model of problem domain

'
gen 0.5,0 0.5,10 100,10 100,0 rat 1.05 1.0

* Set initial and boundary conditions

ini'pp 1.47e5
ini szz -1.47e5
apply discharge =-7.035e-4 i=1 j=1,6
fix pp i=51 j=1,6

| fix y j=1
apply press 1.47e5 ja6
fix x i=1
fix x i=51
*

|
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* Record histories.

F *

O his nstop 50
his unbal
his ydis.1=1Lj=6
his ydis i=10 j=6'

i, "- his pp i=1'j=3i
his.pp i=10 j=3*

his pp i=40 j=3o. -'
,his sigl i=1 j=3
his sig2 i=1 j=3

i
his szz~i=1 j=3

|
s

his.sigi i=10 j=3
!- .his sig2 i=10 j=3
!

his szz i=10 j=3 |*
'

* Set parameters for problem execution
;

i

set flow on 4

set' mech on I
: set ngw=1

i
1

set nmech=1 i

set clock =4000 step =100000 force 1e-3 [*-

* Solve i;
* f

step 500
save.fil.say "

set:ngw 5
istep 500
isave f12.sav

set ngw 10- I'
solve age =100 '

save f13.sav !
ret

t

|

[

.

.

L !

| I

|

;.

| |
-
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'

1

i
!

i
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3.2.3.2 One-Dimensional Consolidation

Problem Statement

A saturated soil column (Fig. 3.2.3.2-1) with uniform initial ex-
cess pore pressure po, is free to drain from the top surface.
The column is mechanically constrained along its vertical and
bottom boundaries. A pressure, oy, is suddenly applied to the
top surface of the column. The applied pressure is initially
carried largely by the fluid but, as time continues, the fluid
drains through the upper surface, transferring the load to the

( soil grain matrix. The theory of consolidation predicts the pore
fluid pressure in time and space.

Purpose

This problem provides a check of the ability of FLAC to model the
coupled process of fluid flow and mechanical response.

Problem Specifications

A soil column, 20 m in height and 1 m in width has the following
initial and boundary conditions (Fig. 3.2. 3.2-1) :

0*OQ-D

(@@Lh h h @ $ M 2 6 $j@5 %j[
O

c Mf!h ;
5Ie 5 Po }yy%s;m[fII,,f P :

c -Ev=|e Poe
; ;; ppg ym y .y

f k k beh , h?M{ ,

p=0
3=D f/////)

Fig. 3.2.3.2-1 One-Dimensional Consolidation of a Column of
Saturated Soil, 20 m in Height

{
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Boundary Condition:

x-displacement fixed at x = 0 and x = 1*

x- and y-displacement fixed at the base of the*

column, y = 0

pore pressure = 0 at top of colpmn (y = 20)*

impermeable boundaries along x = 0 and x = 1e

(AP/Ax = 0) and along y = 0 (AP/Ay = 0)

. mechanical axial stress, o,e * y les Pa applied to top=

surface of column

Initial Condition:

initial uniform (excess) pore pressure in*-

. soil = le5 pa
1

initial total stress in soil is equal to the applied*
i

stress - (i .e. , cyy = oy = le5 Pa)
,

These conditions mean that the soil is free to drain from its top
surface,'and the pore. pressure symmetry condition at the bottom '

of the- column (AP/Ay = 0) means that column is effectively 2H or
.40 m in height from a fluid flow standpoint.

Assumptions

The code assumes isotropic Darcy flow for fluid transport. The
soil grain skeleton is assemec to behave elastica 11y. The water *

is assumed to flow in the vertical direction only, and there is
.no horizontal strain.

Analytic Solution

.The analytic solution for one-dimensional consolidation can be
found'in many texts on soil mechanics (e.g., I.ambe and Whitman,
1969). The basic Terzaghi consolidation equation is given by:

-

___ _ _ - . - - - _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ . _ _ _ _ _ _ _ _
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: 32 , 3p, gayp
Cy (3.2.3.2-1) := -

By2 Bt St
,

k -

where Cy coefficient of consolidation,=
,

Tw my

where k = permeability, '

,

Tw = unit weight of water, and

- my = the coefficient of volume change for the
soil, or the inverse of the confined
modulus,

.

1

K + -(4/3)G '

Pe = the excess pore pressure,
'

cy = applied pressure,

y = depth coordinate, and

t = titae .

The solution to this equation is found in terms of dimensionless
variables:

y.E
H

(3.2.3.2-2)
T=

H2

I.
I where y and Y are measured from the top of the consolidating

column, and

'

H is one-half the thickness of the entire column.

,

_ _ _ _ _ _ _ _ ____
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Equation (3.2.3.2.-1) becomes:

32 p, 3 p, j

(3.2.3.2-3)=

gy2 BT ,

'
For initial conditions at t = 0:s

pe = po for 0 $ Y $ 2 (3.2.3.2-4)

where po =' initial uniform pore pressure.

For. boundary condition at all t:
,

pe = 0 for Y = 0 (3.2.3.2-5)
,

Due to our no-flow symmetry condition at the base of the column,
pe = 0 for Y = 2.

The solution to Eq. (3. 2. 3. 2-3) subject to these constraints is:

2po -M T2"

I (sin MY) eg (3. 2. 3. 2-6)Up = m=0 M.
,

E
where M = - (2m + 1) .

2

Computer Model

L .The computer model consists of a grid one element wide by 20 ele- !

ments in height (Fig . 3.' 2. 3. 2-2 ) . Each element is 1 m wide by,,
" 1 m.in height. The vertical boundaries (i = 1 and i = 2, and
L x = 0 and x = 1) have fixed velocities in the x-direction. The
L, -base of the column (j = 1; y = 0) has fixed velocities in the x-

and y-directions. The top of the grid (y = 20; j = 21) is kine-
3- ' matica11y free. Conditions of zero fluid flow are given to the'

L. vertical boundary and base. The top row of zones (j = 20) have i

pore pressure fixed at zero to provide for drainage from the top (
. of the column.

|
|

|

_. __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _
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Fig. 3.2.3.2-2 .One-Dimensional Geometry (soil elastic, fluid
flow by Darcy's Law) >

<

A vertical ~ stress, cy, is applied to the top of the grid. An in-
itial stress, cyy equal to cy is applied to all zones in the ;

model to provide initial equilibrium of the stresses. This sup- ,

presses initial elastic compression of the grain matrix, as we ;

are only interested in the consolidation due to pore pressure -

dissipation.

The properties of the soil and fluid are:

density, p (saturated) 2000 kg/m3
'

bulk modulus, K (dry) Se8 aP

shear modulus, G (dry) 2e8 aP
,

. Bulk Modulus, fluid, Kw 2e9 aP

Permeability soil, k le-10

3The permeability input to FLAC requires units of (L T/M] (e.g.,
.m3s;/kg) .

,

These units are derived from the fact that FLAC re-
quires permeability defined as

L

l.
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k k
k flac " 9pw Yw

" --

Greater detail on the input units can be found in Appendix F of
the FLAC User's Manual, Volume 2 of this documentation.

The initial conditions and applied loading are given by:
h
'

initial excess pore pressure Pe = le5 aP

; applied vertical pressure oy = le5 aP

p

The simulation is conducted by " switching on" fluid flow, and |

coupling the mechanical model every 25 timesteps. The data file 1

_
is given at the end of this section.

Results |

The history of the pore pressure at the base and mid-height of
the soil column are given in Figs. 3.2.3.2-3 (a) and -3 (b) . Time
in these plots is given in seconds. As seen here, the pore pres-
sure decay is exponential with time. At the instant of load ap-

'

plication (time = 0) and for some time thereafter, the pore water
sustains the applied load. As the water flows from the sample,
the load is transferred to the grain matrix. Figure 3.2.3.2-4
shows the pore pressure versus depth in the column for various
times. The boundary condition, pe = 0 at y = 20 m is seen as is
the symmetry condition at y = 0 m.

Discussion

The analytic solution was given in terms of dimensionless quan-
tities, Y and T. We present the comparison of FLAC results to

- the analytic solution in terms of pore pressures at the base
L (y = H or Y = 1.0) and the mid-height of the column (y = H/2 or
| Y = 0.5) for times of t = 1000 sec, 2000 sec, 3000 sec, 4000 sec
|. and 5000 sec. The pore pressures are shown graphically in Fig.

3.2.3.2-5. Table 3.2.3.2-1 lists the analytic and calculated'

values and the percentage error. As seen, the agreement is ex-
cellent.

Reference

| Lambe, T. W., and R. V. Whitman. Soil Mechanics. New York:
| Wiley and Sons, 1969.
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Fig. 3.2.3.2-4 FLAC Pore Pressure Distribution in Soil Column
for Various Times :
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Fig. 3.2.3.2-5 Comparison for One-Dimensional Consolidation FLAC
to Analytic Solution at the Base and Mid-height
of the Column (FLAC solutions given as symbols)
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Table 3.2.3.2-1

l COMPARISON OF FLAC TO ANALYTIC RESULTS FOR
ONE-DIMENSIONAL CONSOLIDATION

4 4t pe (1*10 Pa) Pe (1*10 Pa) %

(sec) T y Y Analytic FLAC Error
i

* * *
1000 0.13855

H/2 0.5 0.653 0.651 < 1%

* * *
2000_ 0.27711

H/2 0.5 0.455 0.457 < 1%

0.457 < 1%. .

3000 0.41565
H/2 0.5 0.323 0.323 < 1%

* * *
4000 0.5542

H/2 0.5 0.229 0.229 < 1%

* * *
5000 0.69275

H/2 0.5 0.163 0.163 < 1%



.

( h 1:

3.2.3.2-10

n-

f-

L FLAC Inout Data File
I
| *******=**************************************************************

l. *FLAC comparison to 1-D consolidation test. Assume a twenty meter soil
. * column with initial pore pressure $f le5 is compressed by an axial
f * pressure of le5. The top surface of the column is drained, and the

* base is fixed. Solution may be found in Lambe and Whitman, page 409
**********************************************************************
*
*Use log on feature to dump all screen information to a disk file

,

set log on
*

i[ * set configuration for transient flow analysis

config gw l
u

* define grid for 1-D consolidation test-

*
! grid 1 20

*

* grain skeleton behaves elastically

model elastic

*
* boundary conditions

(just allow vertical motion)fix x *

(fix the base mechanically)fix x y j=1 *
'

*
* material mechanical and hydrologic properties

prop d.2000 bulk Sc8 shear 2e8

*See manual for explanation of permeability units

prop perm =le-10
water bulk =2e9
*

* all zone pore-pressures are equal initially

ini pp=le5
*

-- - - - - - _ _ - _ _ _ - -
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{ ,'

* complete' drainage.at top surface by fixing 0 pore pressure
ini pp=0 jr21
fi.x pp j=21
*

* set total stresses to equal applied load
,

apply ~ pres =le5.j=21

* stress in the body is set equal to applied pressure to prevent
* initial elastic compression of the skeleton
ini syy=-le5

| * histories
his pp i=1,j=10
his pp i=1-j=1
his ydis i=1 j=21
his unbal
*

*use 25 mechanical steps for every fluid time step. Note: this will
. *be time consuming, but provide a smoothly-varying result
set nmech=25
*5000 time steps are taken here, but could continue simulation
*to any. desired time. Grid point pore pressures may be printed as
*often as desired (print gpp) for comparison to analytic solution
step 5000
return'
*end of problem-
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[. 3.3 EXAMPLE PROBLEMS
i

The previous verification problems provide assurance that FLAC ;
!

', implements the various individual component models correctly. ;

[i Verification. problems have analytical solutions and are neces-
sarily based on simple boundary conditions and geometries. The :

,

i:
' following. example problems illustrate the more typical use of the !I FLAC code on complex problems which may exercise many different ;

i aspects of.the code. .Three example problems have been chosen '
" which demonstrate the interactive effects of the thermal, mechan-
L, ical and support logic. .

J
!, ,

p Room-Scale Simulation of Nuclear Waste in Welded Tuff
h This problem illustrates the use of FLAC for analysis '
'

of vertical emplacement of spent fuel in welded tuff at
the Yucca Mountain site. The rock mass is represented ',
by a-ubiquitous joint model with a predominant vertical'

-jointing. Exponentially-decaying heat flux lines are
used to represent the waste form. Convective boundaries
.are used at'the excavation to represent ventilation.

<

',
.

' Soil-Nailed Wall in Sand

A typical soil mechanics problem involves the reinfor-
cement of the walls of excavations for building founda-
tions. This problem' examines the behavior of the

t

vertical walls of'a foundation excavation in sand. '

These walls are supported by a shoterete surface and
;soil " nails", which are short, grouted bars. Further

support is provided by a single set of cable anchors. "

,.

Lined, Circular Tunnels in a Sea Bed.
*

This problem examines the excavation and lining of
three circular tunnels in an elastic rock located '

,

within the sea bed at a depth of 70 meters below the
water level. The thrusts ano moments induced in the
liner are examined.

,

4

-
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; 3.3.1-1 .

;

3.3.1 Room-Scale Simulation of Nuclear Waste in Welded Tuff

p

L Problem Statement
g

!

| This problem provides an example of structural stability of dis-
L posal rooms in a geologic radioactive waste repository. This

subject is important because of requirements to be capable ofe
' retrieving the emplaced waste should this become necessary. The

problem is taken from Brandshaug (1989), and was completed using
Version 2.03 of the FLAC code.

|- The candidate repository site is at Yucca Mountain, Nevada lo-
cated in a densely welded tuff. The site is being evaluated as
potentially the first radioactive waste repository in the United
States. A project position paper on waste retrieval, given by
Flores (1986), concludes that the disposal rooms are likely to,be
stable, but may' require a minimal amount of maintenance.

A waste retrieval philosophy and list of design criteria are
,

given in the Site Characterization Plan Conceptual Design Report
(SCPCDR) (MacDougall et al., 1987). The "retrievability period"
is defined as "the time during which the ability to initiate re-
trieval will be maintained" and is up to 50 years (U.S. DOE
(1986), Appendix D). The " retrieval period" is defined as "the
time period required for removal of the emplaced waste from the
underground repository, if a decision to retrieve the waste is-
made" and is up to 34 years (Flores, 1986) .

Assessment of room stability involves the evaluation of inelastic
rock behavior such as the creation of new fractures in the intact
rock caused'by excessive shear stresses, and movement along pre-
existing joints such as slip or opening. These movements may re-
sult from the excavation of the disposal rooms, the continuous

,

heating of the rock because of the presence of the radioactive
waste, and from the effects of forced ventilation for room ac-
Cess.

- - _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ -
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e
f.
n

Purpose '

u

The purpose of this example is to' demonstrate.the types of-numer-
ical analyses that'are helpful in evaluating stability of waste

[ disposal rooms during retrieval. Access to and retrieval of the
F waste are assumed to take place through'the disposal rooms.

The focus of_the analyses'is toward effects that may compromise
the structural stability of.the rooms. Because two-dimensionalL

i models are used, stability of container boreholes is not investi- ;

gated. The effects of particular interest include the predic- ;I'
,

;- tions of any' inelastic behavior of the rock aroond the disposal
room, such as the creation of new fractures from excessive shear
stresses and slip or opening of pre-existing vertical joints.

,

L' Problem Specification

Emplacement of waste in vertical boreholes is an alternative con-
sidered.in the SCPCDR for Yucca Mountain (Fig 3.3.1-1). Because a
two-dimensional model is used, the waste containers and emplace-
ment boreholes cannot be modeled explicitly.. Therefore, the dis- -

L crete thermal power of the waste containers is distributed uni-
formly along the disposal room. The presence of a heat generat-

,

,'' ing vertical plane along the axis of the room at the center of
the floor is used. .The potential problem of room instability re -
sults from the' compounded effect of heat transfer from individual ;

waste' containers at some distance from the area of interest. Be-
cause of the distance, the heat transfer effect of the individual
waste containers to the rock around the room will be damped. 3Therefore, the concept of using a heat generating plane is an

;. adequate idealization for both emplacement concepts. '

The' analysis includes only the vertical waste emplacement con-
cept, meaning that single waste containers are placed in vertical

"
boreholes along the disposal room floor. The heat transfer as-
sociated with the first 50 years of heating is predicted along
with the induced thermal stresses, displacements, and inelastic
rock behavior. At the beginning of retrieval (year 50), forced
convective cooling of the disposal room is initiated to prepare
for the retrieval of any emplaced waste and convective cooling is
continued for sufficient time to allow retrieve all waste con-
tainers from one disposal room. Rock stresses, displacements,
and inelastic behavior is also predicted during this period.

__ _. -_.
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Commingled SF and DHLW Emplacement Configuration
[MacDougall et al., 1987, Chapter 4)
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' Assumptions i

The assumptions and idealizations used, which affect the outcome 5
of the model, yield conservative results. With respect to the i
heat transfer model, " higher" temperatures are conservative.
With respect to the mechanical model, " higher" deviatoric i
stresses are conservative. The assumptions and idealizations
used included: j

'

(a) initial temperature of the rock = 26'C;
'i

;

(b) retrieval starts 50 years after initial waste em-
placement;

(c) instantaneous waste emplacement;
E !

(d) the. disposal room cross-section considered is at '

the center of a waste emplacement panel;
,

(e) no boiling of pore water; L

(f) access to and retrieval'of the nuclear waste will
take place through the disposal rooms;

(g) the disposal rooms are not backfilled prior to
waste retrieval; and *

(h) retrieval starts when the disposal room floor tem-
g perature has decreased to less than 50 C.

Being conservative in the predictions of the rock temperatures
results in conservative estimates of rock displacements and devi-
atoric stresses. In addition, when convective cooling of the
disposal rooms begin, the largest possible thermal gradients will

| develop, bringing about the largest possible deviatoric stresses
in the rock around the room periphery, and thus, the greatest po-|-.
tential for room instability."

The assumed material properties used are specific to the rock at
,

the repository horizon (designated as thermal / mechanical uniti

TSw2 in the SCPCDR, Chapter 2). The assumed value of the thermali

| properties are given in Table 3.3.1-1. Determination of the con-
|' vective heat transfer coefficient is shown in Appendix C of

Brandshaug (1989). The mechanical properties of the rock mass
are given in Table 3.3.1-2.

p
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3.3.1-5

i
.

Table 3.3.1-1
:
t

THERMAL PROPERTIES
-[after MacDougall et al., 1987)

' PROPERTY- EQQE DISPOSAL ROOM

Thermal Conductivity (W/m-K) 2.29 '50 |

Specific Heat Capacity (J/kg-K) 931 931

2.61(a)Convective Heat Tyansfer ---

Coefficient (W/m -K)

8.8
Coefficient of Th,ermp)i

---

Expansion (x ' 10' K'
<

<

'

(a) See Appendix C of' Brandshaug (1989) for derivation of this
value.

Table 3.3.1-2 4
,

MECHANICAL PROPERTIES
(after MacDougall et al., 1987)

PROPERTY ROCK JOINTS '

Density (kg/m') 2320 ---
.

Deformation Modulus (GPa) 15.2 ---

.P

'

Poisson's Ratio 0.22 ---

Cohesion (MPa) 17.8 0.1

Angle of Internal 23.5 28.4 -

'

Friction (degrees)
|

Uniaxial Compressive 166 ---

,

|. Strength (MPa) r

|

|
i

.

_ _
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The initial power. output of a SF container at the time of em-
placement may range from 2.3 kW to 3.4 kW (O' Brien, 1985). The;

effective Areal Power Density (APD) is based on a conservative
initial power of 3.2 kW. The initial power of the DHLW container
is chosen as 0.42 kW after Peters (1983). The APD may vary de-
W/mgingonthegeometricscalebeingconsidered.pen An APD of 20

representing commingled SF and DHLW (MacDougall et al.,
198'/, Chapter 4) was used. This APD is higher than in a far-field
model because waste emplacement panel stand-off distances have,

L not been included, but lower than the actual waste package heat
output. Brandshaug (1989, Appendix B) describes in detail the
calculation used to determine the thermal loading.

The thermal decay characteristics of SF and DHLW are given by
Peters (1983) for waste ten years out of the reactor:

Spent Fuel P (t) = 0.54 exp (1n (0.5) t/89.3) +
0. 4 4 exp (1n (0. 5) t/12. 8) :

l
DHLW P (t) = 0.86 exp (in (0,5) t/34.2) + 1

0.14 exp (in (0,5) 7/15.2)

where P (t) is a. normalized power, and t is time in years. This
normalized power function compares well with that given by
Mansure (1985) for SF (Brandshaug, (1989). The normalized power
is multiplied by the APD to obtain the effective heat output at
any.given time.

Conceptual Model

Figure 3.3.1-2 illustrates the conceptual models of the vertical
j waste emplacement mode. Only one-half of the disposal room and

pillar needs to be included because of symmetry. The thermal
boundary conditions are adiabatic. The two horizontal boundaries
have been located sufficiently far from the heat generating waste
to remain at the initial temperature of 26'C for the time period

i simulated.
f

The kinematic boundary conditions are also shown in Fig. 3.3.1-2,
and are such that the two vertical boundaries are restricted from
moving in the horizontal direction, while free to move in the
vertical direction. The lower horizontal boundary is restricted
from moving in the vertical direction, while free to move in the
horizontal direction. The upper horizontal boundary is a free-
to-move pressure boundary. The initial vertical and horizontal
stresses applied to the models are -7 MPa and -3.5 MPa, respec-
tively (MacDougall et al., 1987, Chapter 2). Note, that com-
pressive stresses are negative.

P

. _ _ _ . _ _ _ _ - _ _ _ _ _ _ . _ - _ . _ _ _ _ _ _ . _ _ _ _ . _
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.

Vertical Pressure m -7 MPa -

y. U U p 9

Adlebstic Boundary n
,

initial Conditions:Ti a 2(C aE aCat

03: o -3.6 WPa

h
' "

Disposal
Room i

k' .j 300 m

jc 6.?! m j

. U

-

2.44 m

F en llLW
at at at

UAdiabelle Doundary

& R R &
* 19.20 m

Fig. 3.3.1-2 Conceptual Model of the Disposal Room for Vertical
Waste Emplacement .

,

f

Computer Model

The.FLAC thermal and mechanical-portions of the code are used to
simulate the thermal / mechanical response of the rock. A plane
strain model is used, and the rock is' characterized as an elas-
tic, perfectly plastic material with ubiquitous vertical joints
(planes of weakness) .

A Mohr-Coulomb failure criterion is used to determine if new
e fractures are created in the rock matrix (e.g., Brady and Brown,

1985). Slip or opening along the vertical planes of weakness is ,

determined by a Mohr-Coulomb criterion for joints (e.g., Goodman

(1980)). The ubiquitous joint model is used to model the behav-
ior of vertical joints. The potential and extent of room in-;

| stability may be evaluated by allowing inelastic rock behavior to
'.

occur.

| The simultaneous mass and heat transfer (coupled convection /dif-
fusion process) which occurs in forced ventilation of a waste
disposal room is not explicitly included in FLAC. However, FLAC

L
allows the use of effective convective boundaries by applying
Newton's law of cooling (e.g., Pitts and Sissom, 1977) and was

|

|. used for this problem.

1
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The following describes the sequence of events which are simu-
. lated, and explains some of the specifics related to the heat
transfer in the disposal rooms.

* EXCAVATION'OF THE DISPOSAL ROOM AT TIME = 0

Deformations and stresses are determined throughout the
rock.

* INITIAL WASTE EMPLACEMENT AT TIME = 0

Heat transfer calculations start.

* WASTE ISOLATION FROM 0 TO 50 YEARS

The thermal / mechanical response of the rock is predicted.
The disposal room is not ventilated; transfer is by
thermal radiation, and some probably by free convection.
The effective thermal conductivity of the excavated room

,is 50 W/m-K. !

;

* WASTE RETRIEVAL FROM 50 YEARS TO THE TIME REQUIRED TO !

RETRIEVE ALL THE WASTE FROM ONE DISPOSAL ROOM

The thermal / mechanical response of the rock is predicted
during convective room cooling and waste retrieval peri-
ods. Forced ventilation starts at year 50 by applying
Newton's law of cooling with the room periphery as a con-
vective boundary. If 12 containers / day are removed (Mac-
Dougall et al., 1987, Appendix L-2), it takes 14 days to s

complete retrieval but, conservatively, room cooling is
continued for 120 days.

;

The input files used for FLAC are included at the end of this ex-
ample. Rock temperatures are predicted at every nodal location
throughout the time period simulated. The thermal simulation is
followed by mechanical simulation using the elevated tempera-
tures, i

t

4
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Results

The temperatures are illustrated in Fig 3.3.1-3 to 3.3.1-5 as
coatours (isotherms) at 1, 25 and 50 years after waste emplace-
ment. Because of the short distance between the waste containers
and the disposal room, the temperature of the rock around the
room starts to increase soon after waste emplacement. When ven-
tilation is initiated at year 50, the room surface temperature
significantly drops, (Fig. 3. 3.1- 6) . The results in Fig. 3.3.1-6
are shown for ventilation air temperatures of 10*C and 20'C.
Figure 3.3.1-6 also shows that the maximum temperature reached in
the floor prior to ventilation is 126'C.
Temperatures along a horizontal straight line from the room wall
into the pillar are shown at various times in Fig._3.3.1-7. Note

that high thermal gradients develop adjacent to the room when
ventilation starts. The cool rock at the room surface and the
high thermal gradients during ventilation may result in a differ-
ential thermal contraction and instability of the rock adjacent
to the room.

. . . . . . - . -
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Fig. 3.3.1-3 Predicted Temperature Contours ('C) Around the
Waste Disposal Room for Vertical Emplacement 1 Year
After Initial Waste Emplacement



'
,

,

I 3.3.1-10
; .

!'
. . . . . __ _ . - - . . . - .

t

Mdf m/ei A M

'l?:':.Y'"
.u.teP_ m . = u v.

4 ,.- .. .'

w :: .=.

|t=*:;; t== . .

%,
A E I & t a

. . .

&_ 6 .
: t==-

| |

:

,

Fig. 3.3.1-4 Predicted. Temperature Contours (* C) Around the
Waste Disposal Room for Vertical Emplacement 25 ,

Years After Initial Waste Emplacement

. . . . . _ _ _ . - - . . .

na ~.a a a

4808 0

I

g =, .. ..
' =::= = = .

:t==:;; t=0 .

,i

1; ,, ,,,

. . . ;
,

[""*,

3J
/-

.
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Displacements, stresses, and joint slip are predicted in the me-
chanical model. Results are presented, which show portions of
the rock around the room where the vertical joints have slipped
(failed in shear). Contours of predicted horizontal and shear
stresses are shown, as well as the predicted roof-to-floor clo-
sure and wall-to-wall closure.

The mechanical results show that no new fractures are created in
the rock as a result of room excavation or thermal expansion of
the rock in the period following waste emplacement, but indicate
slip along pre-existing vertical joints as a result of room ex-
cavation (Figure 3.3.1-0) where the shear stresses exceed the
shear strength of the joints. The predicted shear and horizontal
stresses (Figure 3. 3.1-9) are the same as the shear and normal
stresses acting on the joints because the joints are vertical.

The predicted slip along the pre-existing vertical joints is
shown in Fig. 3.3.1-10 after 50 years and after 120 additional
days of ventilation. There is very little joint slip induced an
a result of rock thermal expansion during these periods. Using

| air of 10 C or 20'C during ventilation has the same effect on the,

predicted joint slip.

The predicted 50 year history of roof-to-floor closure, and
wall-to-wall closure as a result of excavation are shown in Fig.
3.3.1-11. The deformations predicted are very small, and far be-
low the maximum allowable amount of 0.152 m (SCPCDR, Chapter 2).

Joint movement as a result of excavation may not result in room
instability, however, it does result in the potential of such an
event. Further, decreasing rock temperature resulting from
ventilation induces thermal contraction of the rock and, depend-
ing on the system of rock fractures around the room, this effect
may cause individual blocks of rock to become unstable. The
kinematics of individual blocks is not included in the mechanical
model and thus this phenomenon is not predicted in this example.
A different type of analyses is required to better predict poten-
tial block instability.

,
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Vertical Emplacement
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Fig. 3.3.1-11 Predicted History of the Roof to Floor Closure and
Wall to- Wall Closure of the Haste Disposal Room
for Vertical Emplacement

Discussio,n

From the results of the analyses, a set of conclusions can be
made as'follows.

1. No:new fractures are created as a result of room
excavation, 50 years of thermomechanical rock re-
sponse, or 120 days of convective cooling in prepa-
ration for waste retrieval. Fracturing around the

boreholes was not examined.

2. Slip along pre-existing vertical joints in the rock ,

is predicted around the disposal room as a result j

of room excavation. |
;

3. Fifty (50) years of thermomechanical rock response {
has little effect on the development of joint slip !

beyond that predicted from room excavation alone. i

Note that all of the above conclusions reflect the current under-
standing of.the repository site as reported in the SCPCDR. No at-

tempts to determine the effects of uncertainties have been made.

!
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The results contribute to the evaluation of compliance with some
of the SCPCDR and CDSCP (U.S. DOE, 1988) design criteria. Thesemost notably' include the following.

1. The access and emplacement drifts will remain us-,

i able for at least 84 years.
0:L 2. The rock displacement in the drifts will be less

than 0.152 m (6 in).-
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FLAC Inout Data File

cemenenemmene***emeneenneamenennenemene *******e . ******enee***enemen.
O e

o THERMAL / MECHANICAL ANALYSIS *
o e

o Input file to FLAC for determining the effect of ventilation *
O (Blast Cooling) on disposal room stability during waste retrieval. *
0 Vertical emplacement scheme.... *
0 NRC Contract 02-85-002, Task Order No. 006. *
o s
one**eene********eeeeeeeeeeeeenestatenemenneenseenantenmena , . enteneet

e

config thermal
GR 13,40
MOD UBIQUITOUS / (ubiquitcus rock joint model)
MOD TH_ iso ;(isotropic thermal model)

*--- CONSTRUCT THE FINITE DIFFERENCE MESH BY VARIOUS
*--- GEOMETRIC ADJUSTMENTS
GEN 0 ,-150, 0.,150. 19.2,150. 19.2,-150.
GEN 0.,0. O.,6.71 2.44,6.71 2.44,0. I=1,6 J-20,28
GEN 2.44,0. 2.44,6.71 19.2,6,71 19.2,0. R 1.5,1. I=6,14 J=20,28

*--- The borehole above the waste container ...
GEN 0.,-3.1 0.,0. .37,0. .37,-3.1 I-1,2 J-15,20
*--- To the right of borehole and under floor ...
GEN .37,-3.1 .37,0. 2.44,0. 2.44,-3.1 I=2,6 J=15,20
*--- The container inside the borehole ...
GEN 0.,-7.62 0.,-3.1 .37,-3.1 .37,-7.62 I=1,2 J-10,15
*--- To the right of the container and under floor ......
GEN .37,-7.62 .37,-3.1 2.44,-3.1 2.44,-7.62 I=2,6 J=10,15
*--- To the right of borehole and under pillar ...
GEN 2.44,-3.10 2.44,0. 19.2,0. 19.2,-3.1 R 1.5,1. I=6,14 J=15,20
GEN 2.44,-7.62 2.44,-3.1 19.2,-3.1 19.2,-7.62 R 1.5,1. I=6,14 J=10,15
*--- Below the container and under pillar ...
GEN 0. , -30. O . ,-7. 62 2. 4 4, -7. 62 2. 4 4, -3 0. R 1. , . 67 I=1, 6 J=5,10
GEN 2.44,-30. 2.44,-7.62 19.2,-7.62 19.2,-30. R 1.5,.67 I=6,14 J=5,10
GEN 0.,-150. 0.,-30. 19.2,-30. 19.2,-150. R 1.,.80 I=1,14 J=1,5
*--- Adjusting the lower part of mesh to achieve better

element aspect ratios ...*
GEN R 1.2,1. I=1,14 J=5
GEN R 1.05,1. I=1,14 J=4
GEN R 1.,1. I=1,8 J=6
*--- Adjusting the mesh above the disposal room ...
GEN 0.,7. 0.,30, 2.44,30. 2.44,7. R 1.,1.7 I=1,6 J-29,35
GEN 2.44,7. 2.44,30, 19.2,30 19.2,7. R 1.5 1.7 I=6,14 J-29,35

. . . . , , . , . . . . . . , , . . . - . . - - , - - , - - . . - g
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. --- Adjusting the mesh to the top of the model . . . |
' *<

GEN 0.',30. O.,150. 19.2,150. 19.2,30. R 1.,1.3 I-1,14 J=35,41 i
iGEN R 1.3,1. 7.=1,14 J=35

GEN R 1.25,1. I=1,14 J=36 !

'. GEN R 1.2,1. I=1,14 J=37GEN R 1.1,1. I=1,14 J=36 ;i

e i

*--- Constructing the crown of the room by indiv. nodal adjustments ... i

INI X=2.44 I=6 J-25 !

INI Y=5.22 I=6 J=26 ;

INI X=2.30 I=6 J=27 :c
INI Y=5.50 I-6 J-27 ,

INI X=2.10 I=6,J-28 :

INI Y=5.90 I=6 J=28 - '

INI X=1.65 I=5 J-28
,

| INI Y=6.20 I=5 J-28
'

INI X=1.30 I=4 J=28 :
I' INI Y=6.40 I=4 J=28
' INI X=1.00-I=3 J=28 .

; INI Y=6.55 I=3 J=28 !
'

INI X=0.50 I-2 J=28
INI Y=6.65 I=2 J=28 i

INI X=2.50 I=7 J=28 :

INI Y=6.00 I-7 J-28 :
'

[ INI Y=6.43 I=8 J=28
'

INI Y=5.60 I=7 J=27 i
INI Ya5.15'I=7 J=26 ;
* .

*--- Second row of nodal points above crown ... f
INI X=0.55 I=2 J-29 !

INI!Y=6.95 I-2 0=29 !
INI X=1.10 I-3 J=29 !'

INI Y=6.85 I=3 J=29
INI X=1.45 I=4 J=29 .

INI Y=6.70 I=4,J-29 :
tINI X=1.75 I=5 J=29

INI.Y=6.55 I-5 J-29 ;

INI X=2.10 I=6 J-29 ;

INI Y=6.35 I-6 J=29 [
'

INI.X=2.50 I-7 J-29
.INI Y=6.35 I=7 J=29
* ;

y

!

s

!
I

1

- - . .
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*--- Third row of. nodal points above crown ...
:INI Y=7.60 I=1 J-30
INI X=0.60 I-2 J=30
INI Y=7.55 I=2,J-30,

. INI X=1.15 I=3 J=30'

INI Y=7.50 I=3,Ja30
INI X=1.60 I=4 J-30
INI Y=7.40 I=4 Ja30
INI X=2.00 I=5 J-30
INI Y=7.30 I=5 J-30
INI X=2.40 I=6 J=30 IINI Y=7.20 I-6 J-30 :INI X=2.75 I-7 J=30 IINI Y=7.30 I=7 J=30 |*

i
2--- Fourth row of nodal points above crown ...
GEN LINE 0,,8.6 2.78,8.3 i

*--- Some' additional mesh adjustments ...
,GEN LINE 3.291,6.43 19.2,6.43 !

*--- ASSIGN MATERIAL PROPERTIES (REF: SCPCDR CHAP. 2, SEC. 2.3.1) !
*--- USING THE JOINT PROPERTIES AND " ROCK MASS" PROPERTIES. !

*--- ALSO USING THE MOST RECENT RESULTS FROM DATA ANALYSIS, '

*--- TABLES 2-4, 2-6, AND 2-7. . ;

*--- THE ROCK IS CHARACTERIZED AS AN ELASTIC / PLASTIC MATERIAL !*--- WITH UBIQUITOUS JOINTS. A MOHR-COULOMB FAILURE CRITERION
*- '- IS USED FOR BOTH THE INTACT ROCK AND THE JOINTS ... i* *

*--- Rock Mass .

PROP SHEAR =6.23E3 BULK =9.05E3 COH=17.8 ;(MPa) '

'

PROP DENS =2320. ; (kg/m^3) '

PROP FRIC=23.5 ; (degrees) -

| *--- Rock Joints'
PROP JCOH=0.1 ; (MPa).
PROP JFRIC=28. 4 JANG=90. ; (degrees) :

1 * '

*--- THERMAL PROPERTIES OF THE ROCK ...
* - (Re f: SCP-CDR Chap. 2, Sec. 2. 3. I . 9, Table 2-9) ;
PROP CON =2.29 ; (W/mK) !

PROP SPE=931. i(J/kgK)
|' PROP THEX=8'. 8E-6 ; (1/K) !

,

s

t

- . .
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*--- SET KINEMATIC BOUNDARY CONDITION 0 ...
(The two vertical boundaries are symmetry planes, thus,' *

,

they are restricted from moving in the horizontal (x)*
* direction. The bottom horizontal boundar) is restricted

from moving in the vertical (y) direction. The top*
horizontal boundary is a free-to-move pressure boundary.*
The pressure is acting downward, and is equal to the*

* initial vertical stress.)
FIX Y I=1,14 J=1
FIX X I=1 J=1,41
FIX X I=14 J=1,41
*
*--- DEFINE THE INITIAL STRESS FIELD (MPa)...
*--- REFERENCEt SCP-CDR CHAP. 2, SEC. C.3.1.9

(The initial vertical stress is about ~7 MPa at*
the disposal room horizon. The horizontal stress*

* is determined as 0.5 x SYY.)
INI SXX=-3.5 ; (MPa)
INI SYY=-7.0 ; (MPa)
APPLY PRES =7.0 I=1,14 J=41 ; (MPa)

*--- SET THE INITIAL TEMPERATURE TO'26 DEG. CELSIUS ...
INI TEMP =26. ; (Degree Celsius)

*--- SET THERMAL BOUNDARY CONDITIONS ...

*--- THE BOUNDARIES ARE BY DEFAULT ADIABATIC (thermally insulated)

*--- SET THE CRITERIA FOR AUTOMATIC TERMINATION OF EXECUTION ...
SET F=1E-2 ;Out-of-balance force (Mega Newton)
SET CLOCK =120 ; Maximum execution time (minutes)
SET STEP =5000 ; Maximum number of time steps
set therm off
*
*--- EXCAVATE THE DISPOSAL ROOM (save results) ...

MOD NULL I=1,5 J=20,27
TIT

. Time is After Initial Excavation, Vert. Empl. (NRC-F)
SOLVE
SAVE \NRCV_MO.SAV

1

____ _ -_ _
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! *--- THERMAL PROPERTIES OF THE DISPOSAL ROOM FROM 0 TO 50 YEARS.
I

(The maximum thermal time step in FLAC is determined from*

| the element size and associated thermal diffusivity. Using*

air in the dispose.1 room with an " equivalent" conductivity
' *

results in a maximum time step of insufficient length to*

complete the analysis within a reasonable time period.*
Therefore, the room is given thermal properties of TSw2 tuff,*

but with the thermal conductivity increased about 22 timesf *
* to 50 W/mK. The size of the room elements can be increased

and interfaces employed, or small timesteps can be used.*

*--- Restore thermal zones in room ...
; MOD th_ iso I=1,5 J=20,27
4 *--- RESET THE INITIAL TEMPERATURE TO 26 DEG. CELSIUS ...

INI TEMP =26. * (Degree Celsius)

*
*--- Assign thermal properties to the restored thermal region ...

PROP CON =50. I=1,5 J-20,27 * (W/mK)
PROP SPE=931. I=1,5 J-20,27 * (J/kgK)

,

PROP DENS =2320. I=1,5 J-20,27 * (kg/m*3) ;

PROP THEX=0 I=1,5 J-20,27 * (1/K)
* !
t i

*--- ASSIGN DECAYING HEAT SOURCE SIMULATING COMMINGLED SF AND DHLW ... '

* (The thermal decay characteristics are from Peters, 1983, i
* SAND-2497. The initial heat generating power per meter i

of room length is 792 W. Because of symmetry only half :*
of this power is applied. Note that the decay coefficients :*
have dimension 1/sec and not 1/ year, which is commonly*

* used in the literature ...) :

APPLY FLUX 41.8 -2.46E-10 I=1 J=10,15 * (SPENT FUEL FIRST TERM) I

APPLY FLUX 34.1 -1.72E-9 I=1 J-10,15 * (SPENT FUEL SECOND TERM) :
APPLY FLUX 8.8 -6.43E-10 I=1 J=10,15 * (DHLW FIRST TERM) .

MPLY FLUX 1. 4 -1. 45E-9 I=1 J-10,15 * (DHLW SECOND TERM)

*--- DEFINE NODAL POINTS FOR WHICH TEMP. HISTORIES ARE RECORDED ... i

HIS NSTEP=10 temp 1 Record'results every 10 time steps ... !

HIS TEMP I=1 J=20 ; Location at the floor center ... ;

HIS TEMP I-6 J=23 ; Location at the rib center ...
,

HIS TEMP I=1 J=28 ; Location at the crown center ... :
HIS TEMP I=1 J=12 ; Location at the waste container center ...

.

I

_ _ _ _ _ _ _ _ _ _ _ _ _ .
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*--- START THE HEAT TRANSFER SOLUTION USING THE EXPLICIT SCHEME ... I
,

i SET MECH OFF
SET THERM ON !;

: . .

SOLVE CLOCKa6.e3 TEMP =5.E2 STEP =100000 AGE =6.048e5 * 7 days

! SET THDT=3600. * Time step of 1 hrs.
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =2.59206 IMPLICIT * 1 month i

*;

t SET THDT=7200. * Time step of 2 hrs.
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =5.184e6 IMPLICIT * 2 months -

SET THDT=10800. * Time step of 3 hrs. !

SOLVE CLOCK =6.E3 1EMr=5.E2 STEP =100000 AGE =3.1536e7 IMPLICIT * 1 year *

TIT
Predicted temperatures after 1 year, Vert. Emp1. (NRC-F)

SAVE \NRCV_T1.SAV <

*--- PREDICT THE MECRANICAL RESPONSE OF 1 YEAR OF HEATING ...
SET MECH ON
SET THERM OFF i

SOLVE ,

TIT i
Predicted T/M response after 1 year. Vert. Emp1. (NRC-F)

SAVE \NRCV_M1.SAV>

*--- CONTINUE HEAT TRANSFER SOLUTION TO 2.5 YEARS ...
SET MECH OFF
SET THERM ON
SET THDT=1620. * Time step of .45 hrs.
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =7.884e7 IMPLICIT * 2,5 years !

TIT
Predicted temperatures after 2.5 years, Vert. Empl. (NRC-F)

SAVE \NRCV_T2.SAV ;

i
*--- PREDICT THE MECHANICAL RESPONSE OF 2.5 YEARS OF HEATING ... t

SET MECH ON
'SET THERM OFF

SOLVE
TIT

Predicted T/M response after 2.5 years. Vert. Emp1. (NRC-F) ;

SAVE \NRCV_M2.SAV

.
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l *--- CONTINUE HEAT TRANSFER SOLUTION TO 5 YEARS ... ;'
SET MECH OFF ;*1 SET THERM ON '

M SET THDT=2160. * Time step of .6 hrs.
( SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.5768e8 IMPLICIT * 5 years !

'

Predicted temperatures after 5 years, Vert. Empl. (NRC-F)
SAVE \NRCV_T5.SAV

; *--- PREDICT.THE MECRANICAL RESPONSE OF 5 YEARS OF HEATING ... !t SET MECH ON ;"'

SET THERM OFF '

SOLVE i

TIT
Predicted T/M response after 5 years. Vert. Empi. (NRC-F) :

SAVE \NRCV_MS.SAV ;
>

*--- CONTINUE HEAT TRANSFER SOLUTION TO 7.5 YEARS |...
SET MECH OFF '

SET THERM ON I,
SET THDT=2160. * Time step of .6 hrs, t

SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =2.3652e8 IMPLICIT *7.5 years !TIT
{Predicted temperatures after 7.5 years, Vert. Empl. (NRC-F)
|SAVE \NRCV_T7.SAV j*

.

;

*--- PREDICT THE MECHANICAL RESPONSE OF 7.5 YEARS OF !! EATING ... iSET MECH ON
!

SET THERM OFF '
,

SOLVE
,

TIT
]Predicted T/M response after 7.5 years. Vert. Empl. (NRC-F) j

SAVE \NRCV_M7.SAV* i

*--- CONTINUE HEAT TRANSFER SOLUTION TO 10 YEARS ||...

SET MECH OFF- l

SET THERM ON
SET THDT=2160. * Time step of .6 hrs.
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =3.1536e8 IMPLICIT * 10 years
TIT

Predicted temperatures after 10 years, Vert. Empl. (NRC-F)
SAVE.\NRCV_TIO.SAV

. _ _ _ _ _ _ . _ . _ _ _ _
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o i

l'

. *--- PREDICT .THE MECHANICAL RESPONSE OF 10 YEARS OF HEATING . . .
' SET MECH ON ;

SET THERM OFF i
q. SOLVE '

TIT .

'

Predicted T/M response after 10 years. Vert. Emp1. (NRC-F) !
SAVE'\NRCV_M10.SAV

,*
\,

*--- CONTINUE' HEAT TRANSFER SOLUTION TO 15 YEARS ...
. SET MECH OFF

.

{SET THERM ON
SET THDT=8640. * Time step of .1 day !
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =4.7304e8 IMPLICIT * 15 years |
TIT' . iPredicted temperatures after 15 years, Vert. Empi. (NRC-F) ;

| SAVE \NRCV_T15.SAV
o
0--- PREDICT THE MECHANICAL RESPONSE OF 15 YEARS OF HEATING ... i

SET MECH ON :

SET THERM OFF
SOLVE :

TIT
. ;

'

Predicted T/M response after 15 years. Vert. Empi. (NRC-F) *

'SAVE \NRCV_ MIS.SAV ;
o -

0--- CONTINUE HEAT 7RANSFER SOLUTION TO 20 YEARS ... I
SET MECH OFF -

|[
SET THERM ON
SET THDT=15120. * Time step of .175 days
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =6.3072e8 IMPLICIT * 20 years !

TIT .'
Predicted temperatures after 20 years, Vert. Empi. (NRC-F) |

SAVE \NRCV_T20.SAV !
!

0--- PREDICT THE MECHANICAL RESPONSE OF 20 YEARS OF HEATING ... I
SET MECH ON :
SET THERM OFF '

[SOLVE
TIT -

Predicted T/M response after 20 years. Vert. Empl. (NRC-F) !

SAVE \NRCV_M20.SAV
o i

I
I

I
i
:
,

s

t
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!
( l

I
I *--- CONTINUE HEAT TRANSFER SOLUTION TO 25 YEARS ... !'

SET MECH OFF ,

SET THERM GN j

SET THDT=15120. * Time step of .175 days !
'

! SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =7.884e8 IMPLICIT * 25 years !
TIT '

i

'L
Predicted temperatures after 25 years, Vert. Empi. (NRC-F) !

SAVE \NRCV_T25.SAV ,I
;

*

*--- PREDICT THE MECHANICAL RESPONSE OF 25 YEARS OF HEATING ... !
SET MECH ON ;

SET THERM OFF j

SOLVE |
TIT |

Predicted T/M response after 25 years. Vert. Empi. (NRC-F)
SAVE \NRCV_M25.SAV

4 e ,

*--- CONTINUE HEAT TRANSFER SOLUTION TO 30 YEARS ... ,

SET MECH OFF '

SET THERM ON -

SET THDT=15120. * Time step of .175 days !
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =9.4608e8 IMPLICIT * 30 years ;

TIT
Predicted temperatures after 30 years, Vert. Empi. (NRC-F) !

SAVE \NRCV_T30.SAV !
!

*--- PREDICT THE MECHANICAL RESPONSE OF 30 YEARS OF HEATING ... !

SET MECH ON |
SET THERM OFF i
SOLVE ,

TIT |
Predicted T/M response after 30 years. Vert. Empi. (NRC-F) ;

SAVE \NRCV_M30.SAV ;
* -

*--- CONTINUE HEAT TRANSFER SOLUTION TO 35 YEARS ...
SET MECH OFF
SET THERM ON
SET THDT=15120. * Time step of .175 days
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.10376e9 IMPLICIT *35 years
TIT

Predicted temperatures after 35 years, Vert. Empi. (NRC-F)
SAVE \NRCV_T35.SAV
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"

0-- PREDICT THE MECHANICAL RESPONSE OF 35 YEARS OF HEATING ...
SET MF.CH ON

. SET THERM OFF
. SOLVE

_YgTIT
l Predicted T/M response after 35 years. Vert. Emp1. (NRC-F)

SAVE \NRCV_M35.SAV '

A*---' CONTINUE HEAT TRANSFER SOLUTION TO 40 YEARS ...
; SET MECH OFF

"

SET THERM ON
SET THDT=15120. *

_ Time step of .175 days
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.26144e9 IMPLICIT *40 years
TIT

Predicted temperatures after 40. years, Vert. Empl. (NRC-F)
SAVE \NRCV_T40.SAV
O

0-- PREDICT THE MECKANICAL RESPONSE OF 40 YEARS OF HEATING ...
SET MECH ON
SET THERM OFF
SOLVE

' TIT
Predicted T/M response after 40 years. Vert. Empl. (NRC-F)

SAVE \NRCV_M40.SAV

0--- CONTINUE HEAT TRANSFER SOLUTION TO 45 YEARS ...

SET MECH OFF-
SET THERM ON
SET THDT=30240. * Time step of .35 days
SOLVE CLOCK =6.E3 TEMP =5.E2 STF,P=100000 AGE =1.41912e9 IMPLICIT *45 years
TIT

Predicted temperatures after 45 years, Vert. Empl. (NRC-F)
SAVE \NRCV_T45.SAV
o
0--- PREDICT THE MECHANICAL RESPONSE OF 45 YEARS OF HEATING ...
SET MECH ON
SET THERM OFF

' SOLVE
TIT

Predicted T/M response after 45 years. Vert. Empl. (NRC-F)
, SAVE \NRCV_M45.SAV-,
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t

*--- CONTINUE HEAT TRANSFER SOLUTION TO 50 YEARS ...
SET MECH OFF

I SET THERM ON
I SET THDT=30240. * Time step of .35 days ...
L. SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.5768e9 IMPLICIT * 50 years
i TIT
i Predicted temperatures after 50 years, Vert. Empl. (NRC-F)

SAVE \NRCV_T50.SAV1

t

*--- PREDICT THE MECHANICAL RESPONSE OF 50 YEARS OF BEATING ... |
! SET MECH ON |

SET THERM OFF i,
'

SOLVE |

TIT !

c. Pred!cted T/M response after 50 years. Vert. Empl. (NRC-F) |
[ SAVE \NRCV_M50.SAV j

|

********************************************************************** ;

'* *
* START C0NVECTIVE COOLING TO * '

* *
* PREPARE F0R WASTE RETRIEVAL * i

e * ,

**********************************************************************
*

*--- APPLY THE CONVECTIVE HEAT TRANSFER COEFFICIENT (h=2. 61 W/mmK) '

*--- TO THE ROOM PERIPHERY, AND ASSIGN THE TEMPERATURE OF THE COOLING
*--- AIR (20 degrees C) AT THE TIME OF WASTE RETRIEVAL (50 YEARS) ...

MOD th_ null I=1,5 J-20,27 ;

APPLY CONV 2.68 20. I=1,6 J-20 ;

'APPLY CONV 2.68 20. I=6 J-20,28
APPLY CONV 2.68 20. I=1,6 J=28

SET MECH OFF r
'

SET THERM ON
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.577232e9 !
TIT

Predicted temperatures after 50 yrs & 5 ds. Vert. Empl. (NRC-F) |
SAVE \NRCV_T51.SAV t

* +

|

I

l

|

|

'

|

|

I
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0--- PREDICT THE. MECHANICAL RESPONSE OF 50 YRS & 5 DAYS OF HEATING ...
SET MECH ON

, SET THERM OFF- !
SOLVE <

i. TIT I
j, Predicted T/M response after 50 yrs 5 ds. Vert. Empl. (NRC-F)
[ SAVE \NRCV_M51.SAV
f. c

SET MECH OFF- |
SET THERM ON
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.577664e9

'

TIT '

' Predicted temperatures after 50 yrs & 10 ds. Vert. Empl. (NRC-F) }
,

SAVE \NRCV_T52.SAV ;

;

I '0--- PREDICT THE MECHANICAL RESPONSE OF 50 YRS & 10 DAYS OF HEATING ... ,'
SET MECH ON |
SET THERM OFF
SOLVE:

' TIT
,

Predicted T/M response after 50 yrs 10 ds. Vert . Empi . - (NRC-F) f

SAVE \NRCV_MS2.SAV f
i

i

' SET MECH OFF E

SET THERM ON<
-

SOLVE CLOCKu6.E3 TEMP =5.E2 STEP =100000 AGE =1.578528e9 |-

| TIT |

| Predicted temperatures after 50 yrs & 20 ds. Vert. Empl. (NRC-F) |

| SAVE \NRCV_T53.SAV .*
\0--- PREDICT'THE MECHANICAL RESPONSE OF 50 YRS & 20 DAYS OF HEATING ... '

SET MECH ON I

SET THERM OFF- I
SOLVE !

TIT
!

Predicted T/M response after 50 yrs 20 ds. Vert. Empl. (NRC-F)
SAVE \NRCV_M53.SAV !
Q '

SET MECH OFF ,

SET THERM ON .

SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.580256e9 |
TIT i

Predicted temperatures after 50 yrs & 40 ds. Vert. Emp1. (NRC-F) !

SAVE \NRCV_T54.SAV ,* .

k

i
,

.

:

i

9
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*--- PREDICT THE NECHANICAL RESPONSE OF SO YRS & 40 DAYS OF HEATING ..
! SET MECH ON

SET THERM OFF
SOLVE
TIT

Predicted T/M response after 50 yrs 40 ds. Vert. Empl. (NRC-F)

SAVE \NRCV_M54.SAV

SET MECH OFF
i SET THERM ON

SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.581984e9
TIT

Predicted temperatures after 50 yrs & 60 ds. Vert. Empl. (NRC-F)
SAVE \NRCV,_T55.SAV,

e

*--- PREDICT THE MECHANICAL RESPONSE OF 50 YRS & 60 DAYS OF HEATING ... !
SET MECH ON i

SET THERM OFF ;

SOLVE :

TIT i

Predicted T/M response after 50 yrs 60 ds. Ve r.t . Empl. (NRC-F) |

SAVE \NRCV_ MSS.SAV |
* !
SET MECH OFF !

SET THERM ON t

SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.583712e9 ,

TIT
Predicted temperatures after 50 yrs & 80 ds. Vert. Empl. (NRC-F) |

SAVE \NRCV 756.SAV i

|*
*--- PREDICT THE MECHANICAL RESPONSE OF SO YRS & 80 DAYS OF HEATING ... -

SET MECH ON .

SET THERM OFF i
SOLVE |
TIT

Predicted T/M response after 50 yrs 80 ds. Vert. Empl . - (NRC-F) j

SAVE \NRCV_M56.SAV ;
* .

L SET MECH OFF }
l SET THERM ON

SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.58544e9 .

TIT !
Predicted temperatures after 50 yrs & 100 ds. Vert. Empl. (NRC-F) '

'

| SAVE \NRCV_T57.SAV
1

b
.t

,

|

|
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C'--- PREDICT THE. MECHANICAL RESPONSE OF 50 YRS & 100 DAYS OF HEATING
...

SET MECH ON
SET THERM OFF
SOLVE
TIT

Predicted T/M response after 50 yrs 100 ds. Vert. Empl. (NRC-F)

SAVE \NRCV_M57.SAV

SET MECH OFF
SET THERM ON
SOLVE CLOCK =6.E3 TEMP =5.E2 STEP =100000 AGE =1.587168e9
TIT

Predicted temperatures after 50 yrs & 120 da. Vert. Empl. (NRC-F)

SAVE \NRCV_T58.SAV

0--- PREDICT.THE MECHANICAL RESPONSE OF 50 YRS & 120 DAYS OF HEATING
...

SET MECH ON
SET THERM OFF

| SOLVE
TIT'

Predicted T/M response after 50 yrs 120 ds. Vert. Empl. (NRC-F)

SAVE \NRCV_M58.SAV

i

|

1'
|

|
|

_ _ _ _ _ _ _ _ _ . _ _ _ . _ _ _
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3.3.2 Soil-Nailed Wall in Sand

Problem Statement

This problem concerns the stress equilibrium loading of a soil
nailed retaining wall subjected to gravitational loading. A test
wall was constructed in well-graded sand and supported by shot-
crete, tiebacks, and " nails" (ASCE, 1988). The " nails" consisted
of No. 10 grade 60 steel bars grouted into the soil mass, as
shown in Figs. 3.3.2-1 and -2. The analysis includes

(1) explicit modeling of eight excavation stages;

(2) explicit modeling of all empfaced support com-
ponents at each excavation stage; and

(3) development of forces in support components as a

| result of soil deformation.

The analyses here were conducted using FLAC version 2.02.

4" 5HOTCRETE w

/
N RETE PAD

10
_

.

''
PRESSURE INJECTED th

~' *
hR 50 STEEL 4'

D.L. 1540 KIPS Antb#
IAAX TEST LOAD -

a 186.2 KIPS 12' rulL5
#10 CR su BARS /

\ \' \/ \

Fig. 3.3.2-1 Cross-section Through Test Wall

l

l
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FJevation A.A i
|

Fig. 3.3.2-2 Test Wall Elevation i

;
F

Purpose

;

The purpose of this problem is to demonstrate satisfactory simu-
rlation of the soil excavation sequences and to model the response
yof structural anchors and nails coupled to the soil zones. This ,

problem provides an example of typical problems involving sequen-
tial excavations.

!

Problem Specification I

The geometry of the wall as depicted in Fig. 3.3.2-1 is based on '

.

a wall height of 31.5 ft. The wall was constructed of 4 inch ,

thick shotcrete. The shotcrete was tied into the soil by 12 foot i

long #10 GR 60 rebar nails with a typical spacing pattern of 4.5
ft. by 4.5 ft (see Fig. 3.2.2-2 for exact spacing) . The nails !were inclined 10' below horizontal. One row of #11 GR 140 in- t

clined tieback anchors were located 11.25 feet below the top ofI

| the wall and extended 45 feet back into the soil.
| The wall was constructed in 9 stages. Each stage consisted of
I excavating 5 feet of soil (typically) , applying the shoterete,

and installing the soil nails. '

.

|

1

|

|

.
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>

As the soil defor.ms under its own gravitational weight, load is '

, transferred to the shotcrete wall face which is tied to the soil
nails. The nai3s make use of the weight of the soil to develop
shear resistance in preventing the face of the wall from undergo- :

ing large displacements. The tieback anchors perform the same
role as the nails but they carry more load and transfer the shear *

resistance deep into the soil beyond the active soil displacement |
,

wedge.
,

Assumotions

The soil was assumed to be homogeneous and behave as a Mohr-
Coulomb material with the following properties:

density 3.63 slugs /ft3

friction 36'
f

I cohesion 0

dilation 7.5' -

t

bulk modulus 1.33e6 psf ,

shear modulus 0.836 psf I

The shoterete was assumed to be a homogeneous isotropic linearly
elastic material with the following properties ;

Young's modulus 5.00e8 psf

moment of inertia 3.00e-3 ft3 [

area 0.333 ft2 |

i
!

|
'

. !

|
|
|

| .

?
I

|
!

l

,
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! The nails and tiebacks were assumed to be a homogeneous isotropic
linearly elastic material with the following properties:

' Property Row 1 Rcw 2 Row 3 Grouted Ungrouted Row 4-7
Nails Nails Nails Tieback Portion Wails

,_

Young's 9.3e8 1.2e9 4.65e8 4.65e8 4.65e8 9.3e8;

Hodulus
(psf) -

,

Ares 8.5e-3 8.5e-3 8.5e-3 .0103 .0103 8.5e-3(ft2)
Bond 1.4e7 1.8e7 7.0e6 7.0e6 1 1.4e7 i
Stiffness |

(psf)
{

Bond 220 1430 667 1000 1 1333 I
Strength 1

(psf) !
;

Yield 16360 21040 8180 24750 24750 16360
Strength
(psf)

!
!
I

t

Conceptual Model

Several investigators have proposed simple conceptual models of
nailed retaining walls. The analyses are greatly simplified if
the model can be represented in two-dimensions. A schematic of !

,

i

the conceptual model is shown in Fig. 3.2.2-3.
|

*

|

f

.

1

+

|

|

|
,

1

1
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I

Fig. 3.3.2-3' Conceptual Model of Mohr-Coulomb Material Contain- !

ing Elastic Beam and Cable Structures j

Reducing three-dimensional problems with regularly spaced rein- i
'forcement to two-dimensional problems involves averaging the re-

inforcement effect in three dimensions over the distance between
the reinforcement. Donovan et al. (1984) suggest that linear ,

scaling of material properties is a simple and convenient way of .

distributing the discrete effect of reinforcement over the dis-
tance between reinforcement in a regularly spaced pattern. |

This approach was followed in this analysis, using a one-foot i

problem width. The scaling factors for each row of reinforcement ,'
consisted of

,

Row _Scalino Factor

1 4.5 :

2 3.5
3 9.0

| 4 4.5
1 5 4.5 ,

'

| 6 4.5
7 4.5 i

l'
|-

| Note that the scaling factors correspond to the reinforcement ,

horizontal spacing (in feet) . .

,

,

|
|
,
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Computer M2dil

The numerical analysis was performed by first compressing the un-
excavated soil mass under gravity to establish equilibrium in-
situ conditions and then sequentially excavating to various lev-
els and introducing support elements. The complete input data
file for the analysis is contained in at the end of this section.
Various stages in the modeling sequence are discussed below.

Compression Staae -- The problem was discretized into approxi-
mately 1225 zcnes, as shewn in Fig. 3.3.2-4. Elements repre-
senting soil immediately behind the wall were one foot square.
Elements further from the wall were slightly larger. Bottom and
side boundaries were fixed (i.e., no x- or y-displacement al- !

lowed). The ground surface was free (i .e. , no applied stress) .
An initial stress state given by a coefficient of earth pressure !
at rest of 0.45 was assumed. The problem was then timestepped to jequilibrium.

'

i

.

c' '

, - - - < *
,

r

,

.

t

Fig. 3.3.2-4 Plot of Grid Used in Test Wall Analysis

i
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Excavation Stace I -- The first increment of excavation was mod-
eled by deleting elements to a depth of 5 feet. At the same
time, beam elements representing the shoterete face support and
one " cable" representing row no. 1 of nails were introduced. The
nail was divided into six (6) segments, or elements. The problem
was timestepped 500 cycles.

.

!Excavation Stace II -- The next incre!aent was modeled by deleting
elements equivalent to 2 feet of excavation. Again, support ele-
ments were introduced and the problem timestepped 500 cycles.

Excavation Stace III -- The next increment was modeled by delet-
ing elements equivalent to 5 feet of excavation. Shotcrete and
" nail" were introduced, as before. The tieback at thib level was :

modeled as a grouted unstressed portion (24 feet) and a preten- f

|- sioned ungrouted portion (21 feet) . The pretension force was |
,

equivalent to 186.2 kips. The end of the tieback at the excava- |

tion face was connected directly to a nodal point which was com-
'

non to the shoterete and soil mass in order to simulate the
effect of the reinforced concrete pads. The problem was time- ,

stepped 1000 cycles. |
,

I
Excavation Staces IV - VII -- The next stages consisted of delet-

'ing elements to simulate soil excavation, simultaneous introduc-
tion of support elements, and timestepping to allow passive
forces to develop in reinforcement. The simulated excavation
lifts were 4, 5, 5, and 4 feet respectively.

!

4

Excavation Stace VIII -- The final stage consisted of deleting
elements equivalent to one foot of excavation for a total exca-
vated face of 31.5 feet. Simultaneously, a beam element was in-
troduced equivalent to one foot of shoterete. The problem was
then allowed to timestep to equilibrium (approximately 9000
cycles beyond the end of Stage VII). The problem geometry at the
completion of all excavation stages is shown in Fig. 3.3.2-5.
Figure 3.3.2-6 shows the location of nails and tieback.

:
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rFig. 3.3.2-5 Plot of Grid Following Removal of Elements i

Representing Soil in Front of Wall
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Fig. 3.3.2-6 Location of natis and Tieback Used in Analysis
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:
i

Results

The results presented in Figs. 3.3.2-7 through -9 represent the '

state of the analysis following all excavation and support in- ,

troduction (i.e., the end of the analysis) . Figure 3.3.2-7 |

shows the axial tensile forces in the nails and tieback. Figure !

3.3.2-8 indicates the distribution of tensile forces in the nails !

along their length. Figure 3.3.2-9 is a vector plot of gridpoint |
displacements.

Intermediate results at the end of each stage, as well as dis- 1

placement loads in the shoterate, are also available but are not
presented here.

;

i

|
i
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!
,
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|
.

Fig. 3.3.2-7 Distribution of Axial Tensile Forces in Nails and
Tieback
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,

Discussign

!The reference article from which this problem was taken did not
contain meaoured loads in the nails or tiebacks, nor measured !-

wall displacements. Had those data been available the results of ,

this analysis could be validated or checked against actual mea-
surements. Also, the accuracy of the scaling factors used to re- i

duce the problem to two-dimensions could be checked.

The tensile forces in the nails shown in Fig. 3.3.2-7 indicated
the expected response of nearly uniform distribution along the
length with the highest value at the third point, as indicated in
Fig. 3.3.2-8. However, the tieback has an expected high tensile
stress indicated where the grouted portion of the anchor transi-
tions to the ungrouted segment as the anchor is long enough to :
develop good shear resistance.

The displacement diagram in Fig. 3.3.2-9 shows the expected pin-
ning effect of the tieback. The wall above the tieback cantilev-
era in a expected linear manner while the lower portion of the !

wall buldges like a simply supported beam pinned at the tieback
end and a passive reaction force applied at the base of the exca-
vation. In front of the wall at the base of the excavation the
floor has begun to heave as expected.

|
|
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|

Data Inout File
<

,

*****************************************************************
* Test Wall Problem in Sand Illustrating the Use of Support *

* Logic in FLAC. *
*****************************************************************
title
TEST WALL --
* establish problem geometry
grid 35,35
model.mohr

* gen -30 68 -30 103 5 103 5 68
gen -50 71 -50 103 -20 103 -20 71 ratio .9 1 i=1,11 j=4,36
gen -50 65 -50 71 -20 71 -20 65 ratio .9 .9 i=1,11 j=1,4
gen -20 65 -20 71 0 71 0 65 ratio 1 .9 i=11,31 j=1,4
gen 0 65 0 71 10 71 10 65 ratio 1.2 .9 i=31,36 j=1,4
gen 0 71 C 103.10 103 10 71 ratio 1.2 1 i=31,36 j=4,36
. table 1 -60,100 -44.8,100 -40.3,99 -36.6,98.5
table 1 -33.6,99 -30.6,100.2 -27.3,102.1 -25.2,102.8 -24,103
gen table 1
mark j=35 i=8
mod null reg i=2 j=35
ini x -29 y 100.9 i 7 j 34
ini x -27 y 102.1 1 8 j 35
* boundary conditions for consolidation
fix x i i
fix x i 36
fix y j 1
* initial stresses assume coefficient of earth pressure at rest = 0.45
ini syy -4446 var 0 4446
ini sxx -2000 var 0 2000
* conditions during execution
set large
prop tens O
set grav 32.2
* properties for medium dense well graded sand
prop dens 3.63 fric 36 coh 0 dil 7.5 bulk 1.33e6 shear 0.8e6
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L* displacement monitoring points
hist n 100 ,

hist"unbal'
'

hist 1xdisp i 31'j 36
histfydisp i'31 j 36
hist xdisp i 31 j.30:

'

hist ydisp i 31 j.30-
' hist'xdisp i 31 j ;24
. . hist ydisp i 31 j-24-
''
hist xdisp is 31 j'18
hist ydisp i 31 3: 18-
hist'xdisp i 31 j 12
hist ydisp i 31 j 12'
hist xdisp i 31 j'6
hist ydisp i 31'j 6,
* consolidate for initial gravity stress state prior to excavation
step 700
* save consolidated state
save n0.sav
*'re-initialize somefparameters. prior to starting problem
ini xdisp =0
ini':ydisp =0,

ini xvel O i 1 36 j l'36'
ini yvel 0 i 1 36 j.1 36

a. fix x y i i
'fix x y j'l -

c. c'
fix(x y.i'36'
*

*JSTAGE I
h *

mod null i 31 35 j 31 35
title
EXCAVATION -- STAGE I
* shotcrete properties

.

struct. prop-1 e=5e8,1=3e-3 a=.333
struct beam beg grid 31 36 end grid 31 35 seg 1 prop 1
struct beam beg grid 31 35 end grid 31 34 seg 1 prop 1 ;

struct beam beg grid 31 34 end grid 31 33 seg 1 prop 1
'

struct beam beg grid 31 33 end grid 31 32 seg 1 prop 1
struct beam beg grid 31 32 end grid 31 31 seg 1 prop 1
* nail properties top row j

struct prop 2 a 8.5e-3 e 9.3e8 y=16360 kbond=1.4e7 sbond 220 |
strue cable begin -11.9,98.65 end -0.1,100.75 seg 6 prop 2 '

lstep 500
save nI.sav- i

*

>

s
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* STAGE II.

.

*
title
EXCAVATION -- STAGE II
moo nul 1 31 35.j 29 30
struct beam beg grid 31 31 end grid 31 30 seg 1 prop 1
struct beam beg grid 31-30 end grid 31 29 seg 1 prop 1
* nail properties -- row 2
struct prop'3 a 8.5e-3 e 1.2e9 y 21040 kbond=1.8e7 sbond 1430
struc cable begin -11.9,94.15 end -0.1,96.25 seg 6 prop 3
step 500
save nII.sav
*

* STAGE III
*

'

title,

EXCAVATION -- STAGE III
model null 1 31 35 j 24 28
struct beam beg grid 51 29 end grid 31 28 seg 1 prop 1
struct beam beg grid 31 28 end grid 31 27 seg 1 prop 1~

struct beam beg grid 31 27 end grid 31 26 seg 1 prop 1
struct beam beg _ grid 31 26 end grid 31 25 seg 1 prop 1
struct beam beg grid-31 25 end grid 31 24 seg 1 prop 1
*~ nails -- row 3 i

strue cable begin -11.9,89.65 end -0.1,91.75 seg 6 prop 4'

stru prop 4 a'a.5e-3 e 4.65e8 kbond 7e6 sbond 667 y 8180
* tieback - anchor
struc cable begin -44.3,83.9 end -20.7 88.1 seg 6 prop 5

.stru prop 5 a .0103 e 4.65e8 y 24750 kbond 7e6 sbond 1000
* tieback - ungrouted portion
strue cable beg node 41 end grid 31 25 seg 1 prop 6 ten 20689
stru prop 6 a .0103 e 4.65e8 y 24750 kbond 1 sbond 1
step 1000
save niii.sav
*,
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* STAGE IV
*

title
EXCAVATION -- STAGE IV
model null i 31 35 j 20 23
struct beam beg grid 31 24 end grid 31 23 seg 1 prop 1
struct beam beg grid 31 23 end grid 31 22 seg 1 prop 1
struct beam beg grid 31 22 end grid 31 21 seg 1 prop 1
struct beam beg grid 31 21 end grid 31 20 seg 1 prop 1
* nail properties - row 4 to 7
struct prop 7 a 8.5e-3 e 9.3e8 sbond 1333 yi 16360 kbond 1.4e7
struct cable beg -11.9 85.17 end -0.1 87.25 seg 6 prop 7
step 500
save niv.sav
*
* STAGE V
*

title
EXCAVATION -- STAGE V
mod null i 31 35 j 15 19
struct beam beg grid 31 20 end grid 31 19 seg 1 prop 1
struct beam beg grid 31 19 end grid 31 18 seg 1 prop 1
struct beam beg grid 31 18 end grid 31 17 seg 1 prop 1
struct beam beg grid 31 17 end grid 31 16 seg 1 prop 1
struct beam beg grid 31 16 end grid 31 15 seg 1 prop 1
struct cable beg -11.9 80.67 end -0.1 82.75 seg 6 prop 7
step 500
save nv.sav
*
* STAGE VI
*
title
EXCAVATION -- STAGE VI
mod null i 31 35 j 11 14
struct beam beg grid 31 15 end grid 31 14 seg 1 prop 1
struct beam beg grid 31 14 end grid 31 13 seg 1 prop 1
struct beam beg grid 31 13 end grid 31 12 seg 1 prop 1
struct beam beg grid 31 12 end grid 31 11 seg 1 prop 1
struct cable beg -11.9 76.17 end -0.1 78.25 seg 6 prop 7
step 500
save nvi.sav
*

I

'
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* STAGE VII '

*

title
EXCAVATION -- STAGE VII
mod null 1 31 35 j 6 10
struct beam beg grid 31 11 end grid 31 10 seg 1 prop 1
struct beam beg grid 31 10 end grid 31 9 seg 1 prop 1
struct beam beg grid 31 9 end grid 31 8 seg 1 prop 1 ,

struct beam beg grid 31 8 end grid 31 7 seg 1 prop 1
struct beam beg grid 31 7'end. grid 31 6 seg 1 prop 1 ;

struct cable. beg -11.9 71.67 end -0.1 73.75 seg 6 prop 7
step.500
save nvii.sav
*
* STAGE VIII
*
title
EXCAVATION -- STAGE VIII
mod null i 31 35 j 5
struct beam beg grid 31 6 er.d grid 31 5 seg 1 prop 1
step 2500
.save nviii.sav
step 2500
save nviii.sav
step 2500
save nviii sav.

step 1500 .

',

save nviii.sav
ret 5

,
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3.3.3 Lined Circular Tunnels in Sea Bed

Problem Statement

This problem deals with the stress equilibrium loading of a set
of three tunnels sequentially excavated and subjected to gravita-
tional loading. This problem is adapted from Douat (1988), and !

was completed using FLAC Version 2.12.
,

The Channel Tunnel currently is being built in chalk beneath the
English Channel and, when completed, will connect Dover, England,
and Calais, France. The Channel Tunnel actually consists of
three separate tunnels: two main tunnels and a service tunnel,
as shown in Fig. 3.3.3-1. The service tunnel is excavated ahead
of the main tunnels and serves as a pilot tunnel to probe ground
conditions ahead. The service tunnel is connected to the main
tunnels at 500 m intervals. All tunnels are lined with precast
concrete segments. The analyses presented here consider both
monolithic c..1 segmented linings.

.

$ $.

f|'$ ss,

| .- r.k.. p e v -. ... --
..

_

|

Main Tunnel Sen4ce Tunnel Main Tunnel

I
I

15000 15000
;

._

i

Fig. 3.3.3-1 Channel Tunnel Cross-Section (dimensions in mm)
(Douat, 1988)
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y Purpose.
>

The purpose of this problem is to demonstrate FLAC's ability to
! satisfactorily simulate stress relaxation after excavation and

prior to liner installation, and to model liner loads after sub-
' sequent excavations are made. This problem provides a typical
example of. problems involving multiple lined excavations.,

Problem Statement

The cross-section to be studied here is for the tunnels shown inL Fig. 3.3.3-1, where it is assumed that the depth from the channel
floor to the mid-height of the main tunnels is 57.1 m, and the
depth of' water above the channel bottom is 42.8 m.;

The circular service tunnel has an excavated diameter of 4.8 m
and the precast liner is 32 cm thick. The center line location

;

L
is l'.45 m below the centerlines of the two main tunnels. Thetunnels are separated by 15 m. The larger circular main tunnelu
have an excavated diameter of 8.0 m and their liners are 40 cmthick.

The construction sequence employed consisted of: +

(1) excavating the service tunnel;

(2) installing the service tunnel liner;
(3) excavating the main tunnels; and

(4) installing the main tunnel liners. I

The stress field around the service tunnel begins to relax as the
excavation face approaches and continues to relax for some time
.after the face is advanced. The lining is installed for each
tunnel at some distance behind the tunnel face. After the lineris installed, stresses are redistributed again, and some load is
shifted to the liner segments. The perturbed stress field redis-|

| tributes again when the main tunnel is excavated in response to
; excavation of the main tunnels, and again when the main tunnel'

liners are installed.

_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - -
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Assumotions . . .

The chalk exhibits time-dependent behavior associated with con-
Thesolidation and creep in response to differential stresses.

analysis presented here is limited to study of the short-term
In the real problem, theelastic behavior of the tunnel lining.

time delay of liner installation may produce larger or smaller
displacements depending on the length of delay. The analyses pre-
sented here assume that 60% of total peripheral displacement (for
an unlined excavation) occurs before the lining is installed.

.

The chalk was assumed to be a homogeneous isotropic linearly
elastic material with the following properties

2350 kg/m3density

bulk modulus (short-term) 0.6e9 Pa

shear modulus (short-term) 0.36e9 Pa

The vertical in-situ stresses were assumed to hydrostatically in-
crease with depth as the sum of the water weight and rock weight.
The horizontal stress was assumed to have an effective stress
ratio of 0.5. In-situ stresses were determined as follows:

Gv " 9 (Tw hw + Tchalk h)
= 9.81 (1030 x 42.6 + 2350 x 57.1)

= 1.75 MPa

ch " 9 (Tw (hw + h) + Ko (Tchalk - Tw)h]
= 9.81 (1030 (99.9) + 0.5 (1320) 57.1)
= 1.38 MPa

Depth stress gradients were not considered, and gravity was not
specified in the analysis.

!

i
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:.

f:f The concrete liner segments were assumed to be a homogeneous
L ' isotropic linearly elastic material with the following elastic
0 properties:

Econcrete (short-term) 43.1 GPa

Vconcrete (short-term) 0.2
:

| The density of the liner was not used as gravitational forces
were not specified and the liner interacted with the rock as a
structural element only. In order to account for plane strain
conditions assumed'for the tunnel lining, the input value for E
was divided by (1 - v2) . A value of 44.9 GPa was input.
The sgcond moment of area, I, for each lining was determined from
I = tJ/12, as follows:

,

service tunnel I= (0.32)3/12 = 2.73e-3 m3
main tunnel I= (0.40)3/12 = 5.33e-3 m3

To model the segmented linings, structural nodes corresponding to
segment joints were pinned to free moments at the specified seg-
ment locations.

Other basic assumptions that were applied include the following.
1. The geometry of the tunnels are the same along the

tunnel length permitting the three-dimensional
problem to be modeled in two-dimensions using plane

,

|

strain analysis.

2. The location and geometry of the main tunnels are
| symmetric about the center of the service tunnel
I permitting only half of the problem to be simulated

along the line of symmetry.

3. The excavation face is advanced gradually permit-
ting the use of constant inward velocity boundary
condition at the edge of the excavation until 60%
of the displacement occurs.

_ _ _ _ _ _ _ _ _ _
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L

i Conceptual Model

The boundary conditions and geometry of the model are shown by
the conceptual model in Fig. 3.3.3-2. A zero x-displacement
boundary was used to model zero displacement along the line of
symmetry. A constant vertical pressure boundary was applied
along the top and bottom sides of the model, and a constant
horizontal pressure boundary applied along the right side of the
model was used to simulate in-situ stresses.

The liners are conceptually represented by structural beam ele-
ments behaving like springs connected from node to node around
the excavation. The liner segments are not bonded in shear re-
sictance to the rock.

Comouger Model

Figure 3.3.3-2 also shows the mesh that was used for the analy-
sis. A close-up of the mesh in the region around the excavations
is shown in Fig. 3.3.3-3. Figure 3.3.3-4 shows the discretiza-
tion of the liner segments. Each structural element had nodal
end points which coincided with node points describing the exca-
vation periphery.
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Determination of. peripheral displacements for an unlined excava-
tion.was. performed first. The modeling approach to determine the
lining stresses consisted of the following stages.

Stage I Establish equilibrium conditions to initi-
alize stresses.

Stage II Excavate service tunnel and allow peri-
pheral displacements equivalent to 60% of
the displacements without tunnel lining.

.

Stage III Install tunnel lining and timestep to
equilibrium.

Stage IV Excavate main tunnel and allow peripheral
displacements equivalent to 60% of the
displacements without tunnel lining.

Stage V Install tunnel lining and timestep to
equilibrium.

.The analyses were first performed using simple beam elements to
represent the liners then repeated with the beam elements re-
strained in rotation at the ends. The second analysis models the
response of a monolithic liner. The input data file is listed at
the end of this example.

Results

Figures 3.3.3-5 through -8 shows the distribution of axial forces
and moments in the tunnel linings assuming the lining is mono-
lithic. Figures 3.3.3-9 through -12 show the distribution of
. axial forces.and moments in the tunnel linings, assuming the
lining is segmented. The forces and moments are plotted as a
function of radial angle from the x-axis in a counter-clockwise
direction. The location of liner joints are shown in the plots
as dots.

Discussion

The results shown in Figs. 3.3.3-5 and -6 indicate that the
forces and moments for the service tunnel alone are within 2% of
the analytical solution given by Panet (see verification problem
in Section 3.2.1.4 for comparison). Loads in the lining of the
service tunnel increase with excavation of the main tunnel.

,

i
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D The results.shown in Figs. 3.3.3-7 and -8 indicate that the re-
sults for the main tunnel also agree well with the analytical
solution when accounting for the larger diameter tunnel. This
indicates that the service tunnel excavation and lining installa-
tion does not significantly effect the loads on the main tunnel
liner.

Comparing the results for the segmented liner (Figs. 3.3.3-9
through -12) to the monolithic liner (Figs. 3.3.3-5 through -8)
shows that the forces in the service and main tunnel liners are
identical. However, the moments in the segmented liners are much *
less due to rotation at the joints between segments.
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,

Data Inout File,,

***************************************************************n*
* This example illustrates the use of FLAC for solution of a *
* problem.of multiple excavation and interior concrete lining. *

*****************************************************************

title
channel tunnel example ---- h.di,alithic lining

grid 36,40
window 0 20 -10 10
me
gen'-36 0 0 0 0 -30 -36 -30
gen 15 -1 15 50 50 50 50 -1 rat 1.15 1.1 i=21,37 j=21,41
gen 15 -50 15 -1 50 -1 50 -50 rat 1.15 0.909 i=21,37 j=1,21.

' gen 10 -1 10 50 15 50 15 -1 rat 1 1.1 i=15,21 j=21,41
gen 10 -50 10 -1 15 -1 15 -50 ; rat 1 0.909 i=15,21 $=1,21
gen 6 -1 6-50 10 50 10 -1 rat i 1.12 i=11,15 j=21,41
; gen 6 -50 6 -1 10 -1 10 -50 rat 1 0.893 i=11,15 j=1,21
gen'3 -1 3 50 6 50 6 -1 rat 1 1.14 i=7,11'j=21,41
gen 3 -50 3 -116:-1 6'-50 rat 1 0.877 i=7,11 j=1,21
gen 0 -1 0 50 3 50 3'-1 rat 1 1.16 i=1,7 j=21,41
gen 0 -50 0 -1 3 -1 3 -50 rat 1 0.862 i=1,7 j=1,21

-l
gen arc 0 -1.45 0 -4.17 180
gen circle 15 0 4.2

gen adjust

**** Stage I Elastic Equilibrium *******************
' prop s=0.36e9 b=0.6e9 dens =2350

|

fix x i=1
.

I

apply pressure 1.38e6 *1=37 j=41,1
apply pressure 1.75e6 i=37,1 j=1
apply pressure 1.75e6 i=1,37 j=41
ini sxx=-1.38e6 syy=-1.75e6 !

isolve
**** Stage II Excavate Service Tunnel *************** 1

; model null reg i 21 I
'

ini xdis-0 ydis 0u
'fix x y i=1 j=16'

,

fix x y i=2 j=16
L fix x y i=3 j=16
'

fix x.y i=4 j=16 |
'

fix x y i=4 j=17

;

'
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i

fix x y i=5 j=17
fix|x y i=6 j=17

,

fix x y i=6 j=18
fix x'y i=6 j=19
fix x y i=6 j=20*

-

fix x y i=6 j=21
fix x y i=6_j=22 -

fix x_y i=6 j=23
fix x y i=5 j=23

y fix x'y i=5 j=24
fix x y i=4 j=24

,

fix x y i=4 j=25 |
fix x y i=3 j=25 .

sfix x y i=2 j=25 -

fix x y i=1 j=25
ini xvel=0' yvel=7.209e-4 i=1 j=16 "

'ini xvel=-0.919e-4 yvel=7.051e-4 i=2 j=16
,

ini;xvel=-1.711e-4 yvel=6.642e-4 i=3 j=16
ini xvel=-2.337e-4 yvel=6.106e-4 i=4 j=16

.
' '

,

ini.xvel=-2.971e-4 yvel=5.520e-4 i=4 j=17
ini xvel=-3.410e-4 yvel=4.617e-4 i=5 $=17
ini.xvel=-3.748e-4- yvel=3.822e-4 i=6 j=17 !
.ini xvel=-4.095e-4, yvel=2.822e-4 i=6 j=18
ini xvel=-4.379e-4- yvel=1.401e-4 i=6 j=19-
ini xvel=-4.446e-4'yvel=-0.003e-4 i=6 j=20
'ini xvel=-4.368e-4 yvel=-1.233e-4 i=6 $=21 '

ini xvel=-4.172e-4 yvel=-2.394e-4 i=6 j=22
ini xvel=-3.831e-4 yvel=-3.476e-4 i=6 j=23
ini xvel=-3.591e-4 yvel=-4.337e-4 i=5 j=23
'ini xvel=-3.142e-4 yvel=-5.031e-4 i=5 j=24
.ini'xvel=-2.718e-4 yvel=-5.763e-4 i=4 j=24
ini xvel=-2.153e-4 yvel=-6.211e-4 i=4 j=25'

ini'xvel=-1.579e-4 yvel=-6.665e-4 i=3 j=25
ini xvel=-0.837e-4.yvel=-7.023e-4 i=2 j=25
ini xvel=0 yvel=-7.158e-4 i=1 j=25

**** 60% Displacement Relaxation *******************

ini xvel=0 yvel=0
' free x y
fix x i=1

Stage III Install Service Lining ********************

struct prop =1 e=44.896e9 i=2.73067e-3 a=.32

|

|;
L

|L

-
. .



( 3.303-15
l

t

* service tunnel
struct beam beg gr 1 25 end gr 2 25
struct beam beg gr 2 25 end gr 3 25
struct beam beg gr 3 25 end gr 4 25
struct beam beg gr 4 25 end gr 4 24
struct beam beg gr 4 24 end gr 5 24
struct beam beg gr 5 24 end gr 5 23
struct beam beg gr 5 23 end gr 6 23
struct beam beg gr 6 23 end gr 6 22
struct beam beg gr 6 22 end gr 6 21
struct beam beg gr 6 21 end gr 6 20
struct beam beg gr 6 20 end gr 6 19
struct beam beg gr 6 19 end gr 6 18
struct beam beg gr 6 18 end gr 6 17
struct beam beg gr 6 17 end gr 5 17
struct beam beg gr 5 17 end gr 4 17
struct beam beg gr 4 17 end gr 4 1-
struct beam beg gr 4 16 end gr 3 16
struct beam beg gr 3 16 end gr 2 16
struct beam beg gr 2 16 end gr 1 16

struct node =1 fix r
struct node =20 fix r
step 1000
save mtap2.sav

**** Stage IV Excavate Main Tunnel **=**************
model null reg 21 21
fix x y i=16 j=24
fix x y i=17 j=24
fix x y i=17 j=25
fix x y i=18 j=25
fix x y i=19 j=25
fix x y i=19 j=26
fix x y i=20 j=26
fix x y i=21 j=26
fix x y i=22 j=26
fix x y i=23 j=26
fix x y i=24 j=26
fix x y i=24 j=25
fix x y i=25 j=25
fix x y i=25 j=24
fix x y i=26 j=24
fix x y i=26 j=23
fix x y i=26 j=22
fix x y i=26 j=21
fix x y i=26 j=20
fix x y i=25 j=20
fix x y i=25 j=19
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fix x y i=24 j=19'
.fix x y i=24 j=18-
fix x y i=23.j=18
fix x y i=22 j=18
.fix n y i=21 j=18
fix x y i=20 j=18
fix x y i=19 j=18

, fix x y i=18 j=18
fix F y-i=18 j=19-
fix x y i=17 j=19
fix x y i=17 j=20
fix'x y i=16 j=20
fix x y i=16 j=21
fix x y.i=16 j=22
fix'x y'i=16 j=23

ini'xve 5.336e-4 yve -0.457e-3 i=16 j=24
ini'xve 5.038e-4 yve -0.635e-3 i=17 j-24
ini xve 4.222e-4 yve -0.812e-3 i=17 j=25
ini xve- 3.417e-4 yve -0.957e-3 i=18 j=25
ini xve- 2.555e-4 yve -1.080e-3 i=19 j=25
ini xve 1.633e-4 yve -1.140e-3 1519 j=26
ini-xve 0.553e-4 yve -1.196e-3 i=20 j=26
ini xve -0.662e-4 yve -1.212e-3 i=21 j=26
ini xve -1.624e-4 yve -1.194e-3 i=22 j=26
ini.xve -2.652e-4 yve -1.146e-3.i=23 j=26
ini xve -3.628e-4 yve -1.069e-3 i=24 $=26
ini xve -4.510e-4 yve -0.997e-3 i=24 j=25
'ini.xve -5.378e-4 yve.-0,837e-3 i=25 j=25 j
ini xve -6.230e-4 yve -0.695e-3 i=25 j=24

,

ini xve -6.600e-4 yve -0.492e-3 i=26 j=24 1

| ini xve -7.193e-4 yve -0.252e-3 i=26 j=23
ini xve -7.343e-4 yve 0.007e-3 i=26 j=22

| ini xve -7.118e-4 yve 0.242e-3 i=26 j=21
| ini xve -6.637e-4 yve 0.434e-3 i=26 j=20
| ini xve -6.342e-4 yve 0.624e-3 i=25 j=20

- ini xve -5.633e-4 yve 0.755e-3 i=25 j=19
ini xve -4.856e-4 yve 0.916e-3 i=24 j=19
ini xve -3.997e-4 yve 1.009e-3 i=24 j=18
ini xve -2.905e-4 yve 1.108e-3 i=23 j=1B
ini xve -1.743e-4 yve 1.168e-3 i=22 j=18
ini xve -0.634e-4 yve 1.190e-3 i=21 j=18
ini xve 0.759e-4 yve 1.168e-3 i=20 j=18
ini xve 1.980e-4 yve 1.095e-3 i=19 j=18
ini xve 2.934e-4 yve 0.997e-3 i=18 j=18
ini~xve 3.705e-4 yve 0.904e-3 i=18 j=19
ini xve 4.330e-4 yve 0.761e-3 i=17 j=19
ini xve 4.949e-4 yve 0.633e-3 i=17 j=20

_ _ _ _ _ _ _ _ _ _ _ _ _ . . -



[.
j<

303c3-17

' ni xve 5.258e-4.yve 0.469e-3 i=16 j=20i

ini xve 5.713e-4 yve 0.263e-3 i=16 j=21
ini xve 5.910e-4 yve 0.011e-3 i=16 j=22
ini xve 5.718e-4 yve -0.265e-3 i=16.j=23

*********************** 60% Displacement Relaxation
step 6
*
ini xvel=0 yvel=0
free x y
fix x i=1
*-

**** Stage V Install Main Liner *******************

struc prop =2 e=44.896e9 i=5.3333e-3 a= 40'

struct beam beg gr 16 24 end gr 17 24 pro 2
struct beam beg gr 17 24 end gr 17 25 pro 2
struct beam beg gr 17 25 end gr 18 25 pro 2
struct beam beg gr 18 25 end gr 19 25 pro 2
struct beam beg gr 19 25 end gr 19 26 pro 2
struct beam beg gr 19 26 end gr 20 26 pro 2
struct beam beg gr'20 26 end gr 21 26 pro 2
struct beam beg gr 21 26 end gr 22 26 pro 2
struct beam beg gr 22 26 end gr 23 26 pro 2
struct beam' beg gr 23 26 end gr 24 26 pro 2
struct beam beg gr 24 26 end gr 24 25 pro 2
struct beam beg gr 24 25 end gr 25 25 pro 2
struct beam beg gr 25 25 end gr 25 24 pro 2
struct' beam beg gr 25 24 end gr 26 24 pro 2
struct beam beg gr 26 24 end gr 26 23 pro 2
struct beam beg gr 26 23 end gr 26 22 pro 2
struct beam beg gr 26 22 end gr 26 21 pro 2
struct beam beg gr 26 21 end gr 26 20 pro 2
struct beam beg gr 26 20 end gr 25 20 pro 2
struct beam beg gr 25 20 end gr 25 19 pro 2
struct beam beg gr 25 19 end gr 24 19 pro 2
struct beam beg gr 24 19 end gr 24 18 pro 2
struct beam beg gr 2t. 18 end gr 23 18 pro 2
struct beam beg gr 23 18 end gr 22 18 pro 2
struct beam beg gr 22 18 end gr 21 18 pro 2
struct beam beg gr 21 18 end gr 20 18 pro 2
struct beam beg gr 20 18 end gr 1918 pro 2
struct beam beg gr 19 18 end gr 18 18 pro 2
'struct beam beg gr 18 18 end gr 18 19 pro 2
struct beam beg gr 18 19 end gr 17 19 pro 2
struct beam beg gr 17 19 end gr 17 20 pro 2
struct beam beg gr 17 20 end gr 16 20 pro 2
struct beam beg gr 16 20 end gr 16 21 pro 2
struct beam beg gr 16 21 end gr 16 22 pro 2
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struct beam beg gr 16 22 end gr 16 23 pro 2
struct. beam beg gr 16 23 end gr 16 24 pro 2
step 1000

!save mtap4.sav ,

step 400
save mtap4.sav . -

|
;'

t,

!
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3.4 BENCHMARK PROBLEM

The problems in Section 3.2 were performed to verify the proper
operation of the FLAC code against analytically-derived solu-
tions. By nature, analytical solutions can be obtained only for
simple geometries and uncomplicated boundary conditions. Realis-
tic problems often involve unknown interactive effects of geom-
etric and material complexities which cannot be explored through ,

comparison to simple analytic solutions. In these cases, various
codes are sometimes run for a common problem which attempts to
exercise many of the capabilities of the code. These are most
often termed " benchmark" tests. One well-documented benchmark
problem was the analysis of the thermomechanical response of the
rock mass at the Waste Isolation Pilot Plant (WIPP) site to em-
placement of high-level nuclear waste (Morgan, et al., 1981).

In this exercise, nine codes capable of performing steady-state
thermal and isothermal creep analysis of salt were used to exam-
ine the identical problem. The following is adapted from a re-
port by Mack (1987) in which FLAC version 2.0 f.s benchmarked
against these nine codes.

|

Reference

Mack, M. " Thermal-Mechanical Benchmark Testing of FLAC," Itasca
Consulting Group Report to the U.S. Nuclear Regulatory Commis-
sion, June 1987.

t
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3.~4.1 . Thermal-Mechanical Benchmark Testino of FLAC for the
Second WIPP Benchmark Problem

Introduction

This example presents the results of a benchmark test study per-
formed with FLAC. A benchmark test is a comparative analysis of
a specific problem using several codes which are based on differ-
ent numerical algorithms but which contain the same constitutive
behavior. .The approach is identified as a viable method to indi-
cate the accuracy of the algorithms used to represent mathemati-
cally the specific material behavior. This approach is necessary
for codes containing non-linear material models because closed-
form, classical solutions incorporating non-linear behavior are
normally not available for comparison to the numerical solution.

The exercise described as the "Second WIPP Benchmark Problem"
(Morgan et al., 1981) was used to benchmark FLAC. This problem
is identified as the most thorough benchmark exercise to date for
thermomechanical codes performing analyses related to nuclear
waste isolation studies (Hart et al., 1987). Tnis exercise was
performed specifically for the WIPP Salt Testing Program and em-
phasized the verification of codes containing a salt creep con-
stitutive model. However, the exercise also covered other mater-
ial behaviors not specific to salt, such as the behavior of in-
terbedded materials, slip along discontinuities, and temperature-
dependent conductivity. Thus, the WIPP exercise provides a means
to verify the accuracy of several thermal-mechanical features in
FLAC.

The primary material behavior model studied in the benchmark ex-
ercise was the WIPP Baseline Creep Law. This law has frequently
been used to model nuclear waste isole. tion in salt and is imple-
mented in FLAC. The law is a non-linear, empirical relation that
cannot be verified in a code by comparison to closed-form solu-
tions.

Interface, or slideline, logic was also verified in this exer-
cise. Interface logic in FLAC models the presence of discontin-
uous features such as clay seams, joints, or bedding planes.
Additionally, the FLAC representation of the behavior of inter-
bedded materials was evaluated by prescribing different material
behaviors for different regions in the test model.

I
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'
:

The' behavior of temperature-dependent thermal conductivity can be:
simulated in FLAC by defining conductivity as a non-linear func "
tion of the following form: .

.

k (T) = ko + ki T 1+k2 T 2 (3.4.1-1)
,

where T is the temperature in Kelvin, and ko, k , k , ni and n2i 2
are fitting parameters. This algorithm in the code was verified
in this test,

i

Ihe senchmark Exercise
Morgan et al. (1981) describe a benchmarking exercise in which
nine (9) codes were used to model two different problems involv-
ing' hypothetical drifts for nuclear waste isolation. The nine
codes (ANSALT, DAPROK, JAC, REM, SANCHO, SPECTROM, STEALTH, and f

two different version of MARC) did not produce identical results,
but showed the differences that can arise between codes even when
all input parameters and model dimensions are identical.

.The first. problem represented an isothermal waste' emplacement
drift; the second.was heated. The two drift configurations are
sho,wn in Figs. 3.4.1-1 and -2. The figures also show the various
materials modeled, the dimensions of the drifts, and the location'
of the slidelines. For the FLAC simulation, the boundary condi-
tions were changed slightly: the " fixed line" boundary shown in
the upper right-hand corner of the models in Figs. 3.4.1-1 and -2
was changed to a slideline, and the lower pressure boundary was

,

replaced by a fixed y-displacement boundary. |

In the second (heated) problem, the heat source was taken as a
long source beneath,the floor. Its output was

s (t) = 169.5 exp (-t/1.365e9) W/m (3.4.1-2)

where t is time in seconds. Radiation was modeled indirectly, as
a high-conductivity material in the drift.

The material properties for the various layers are summarized in
Tables 3.4.1-1 and -2.

I
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Table 3.4.1-1
,

MECHANICAL PROPERTIES FOR THE SECOND BENCHMARK PROBLEM
.

(after Morgan.et.al., 1981)

Creeo Constants _,

t

Elastic Constants D n O

Material V E (Pa) (Pa-4 9* s-1) . (kcal/ mole)

:

halite 0.25 2.48E+10 5.79E-36 4.9 12.0 -

,

argillace- 0.25 2.48E+10 1.74E-35 4.9 10.0
ous salt

10% A-P, 0.25 2.65E+10 5.21E-36 4.9 12.0
,

90% H

anhydrite 0.33 7.24E+10 0.0 --- ----

polyhalite 0.33 7.24E+10 0.0 --- ----

,

clay seam friction slip line: pstatic " Mdynamic = 0.0

e

_ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _



,
.-_ - - - . . _ _ - . _ _ - - - .. _--. -

i
i

3.4.1-6 J
1

l
i

Table 3.4.1-2 |
1

THERNAL PROPERTIES FOR THE SECOND BENCHMARK PROBLEM

(after Norgan et al., 1981)

Coefficient of Thermal Con- !
. Specific Linear Thermal ductivity* )

Densit 3 (p) Heat (C ) Expansi n (a) Parameters :

J/ (kg K K- Ao y |Natorial Ng/
W/ (m'K) 1

.I

halite 2.167 860.0 45.0E-6 5.0 1.14 |
!

argillace- 2.167 860.0 40.0E-6 4.0 1.14 :'

ous salt {

10% A-P, 2.167 860.0 42.7E-6 5.0 1.14 i

90% H :

;

anhydrite 2.167 460.0 20.0E-6 4.5 1.14 I

polyhalite 2.167 860.0 24.0E-6 2.0 1.00 ,

"Equiv'alent 1 1000.0 50.0 0.0 |-------

Thermal |

Material" i
l l

| |

* k = Ao(300/0)T, where e is temperature in Kelvin

|
|

|

|

, _ . , _ . _ . _ _ _ , _ _ _ _ _ _ _ _ , _ . . . . _ _ _ . , ., _ _ _ _ _ - _ . ___ _ _ _ _ _ _
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According to Morgan et al. (1981, p. 20) , the " conductivity k was

originally . . . incorrectly preberibed as k = A,(0/300)T -
All participants in Benchmark II were instructed to use the in-
correct expression because most of the calculations were near
completion when the error was discovered . The Benchmark. . .

Tt comparisons were not affected by this error, because all par-
ticipants used the same expression. However, if the properties
in this table are used for calculations other than the Benchmark
II calculations, the correct conductivity expression should be
used." For comparison purposes, the incorrect expression was
usea in th's FLAC simulations.

The creep law used is described below in terms of the total
strain rato:

V 1+y .c...

613 + oij + cij (3)cij = g okk

where cij = derivative with time of stress i,j ,

513 = xronecker's delta,
V = Poisson's ratio,

E = Young's modulus, and

| .c
cij = creep strain rate,'

,

Gij.c A
where cij = (1.5)1/2 e

)1/2s(c' o
mn mn

where c = D Un exp (-0/RO ) ,

c'j = deviatoric stress 1,3 ,i 1

i



_

L 3.4.1-8

,

D,0,n = creep model parameters,

R = universal gas constant, and

6 = temperature (in K) . I

,

!
FLAC Results

,

,

The results from FLAC were compared to the results reported Dy
Morgan et al. (1981) for the two benchmark problems. Additional- I,

ly, certain key features of the problems were varied to evaluate
their effect on the results.

i
:

Isothermal Proble-

Figures 3.4.1-3 to -11 show the results from FLAC f compared to
the other codes. All the results agree extremely well. The clo-
sure histories in Figs. 3.4.1-3 and -4 show FLAC almost exactly
centered between the results for the most closely clustered
codes. The stress profiles in Figs. 3.4.1-5, -6 and -7 also show ,

FLAC agreeing well with the other codes. In addition, the re- isults from FLAC seem to vary more smoothly than some of the oth- '

ers, which is probably more realistic. The relative slip pro- '

files shown in Figs. 3.4.1-8 to -11 are also in good agreement. i

In these figures, FLAC does not show the average behavior of the
other codes, but this is not indicative of any error or problem.
No one set of results should be considered as the " correct" solu-
tion. Only if the results vary distinctly from the average be- !havior should the assumptions of the code be checked.

|

For example, if the slidelines and the thin anhydrite interbeds
are ignored in the FLAC analysis, the results are on the lower i

extreme of those reported in the benchmark study (see Figs.
3.4.1-3 and -44). Also, the stress profile in this instance does
not exhibit the sharp spike seen from the other models (Fig.
3.4.1-5). However, if only the clay seams are modeled (i.e.,
slidelines are used but the anhydrite interbeds are ignored), the
comparison of results worsens. In this case, the vertical room
closure, for example, is approximately three times greater than
the maximum values shown in Fig. 3.4.1-3. The poor agreement is
attributed to the omission of the thin, stiff anhydrite layers,
especially the layer immediately beneath the floor.

These simulations indicate both the importance of modeling inho-
mogeneous behavior correctly in the numerical analysis and, also,
the apparent significance of inhomogeneities on rock mass behav-
ior.

_ . _ _ _ _ _ _ _ _ _ _ _ ____
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,

:
,

Heated Room ;

i

The comparison of FLAC results for the heated room problem to the
other benchmark codes is presented in Figs. 3.4.1-12 through -19.
Calculations of heat transfer were performed using the implicit r

logic in the code. The explicit heat transfer logic is not well
suited to this. example. The high thermal diffusivity used to !represent the room (see " equivalent" material, Table 3.4.1-2) re- !

quired very small explicit time steps. Truncation errors tend to !accumulate for the personal computers used resulting in inaccur- i

ate results. The implicit logic does not suffer from this prob- i
lem. The vertical closure predicted by FLAC (Fig. 3. 4.1-13) and
horizontal displacement agree well with the other codes. The ;relative slip profiles on the interfaces (Figs . 3. 4.1-15 to -17) '

agree extremely well after one year, and are slightly lower after
two years. The stress profiles in Figs. 3.4.1-1J and -19 agree
well with the other codes.

The heated room analysis with FLAC was also performed for the
case of constant thermal conductivity rather than the tempera-

,

ture-dependent relation given in Table 3.4.1-2. This simulation !
produced temperatures 10% greater than the values plotted in Fig. !3.4.1-12. '

i
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I Discussion and Cpnclusions

The results of this benchmark example indicate that FLAC compares
well with other codes for performing thermal-mechanical ar.alysis
in nuclear waste isolation studies. The isothermal analysis
showed good agreement for the FLAC model incorporating the WIPP
creep model, interface logic, and interbedded materials.

In initial thermomechanical nimulations, FLAC showed good agree-
ment to other codes for early time heating where temperature
changes were great. However, at late-time heating, a discrepancy
in results was observed. This was traced to the large difference
between the thermal diffusivity of the " equivalent material" used
to model the room radiation and that of the other materials in
this model. This effect is analogous to the difficulties some-
times observed in mechanical modeling of materials with large
stiffness differences. The explicit solution procedure in this
case resulted in very small thermal timesteps. The use of single
precision arithmetic (on the PC) resulted in truncation of the
significant temperature change digits for these small timesteps.
The result was that error increased as time increased. The in-
corporation of an implicit thermal solution scheme in FLAC was
found to resolve this problem since small timesteps are not re-
quired.

This example illustrates an important benefit of benchmarking.
While the explicit thermal logic in FLAC has been verified
against analytical solutions, inaccuracy arose in the application
of the code to this problem for late times as a result of trunca-
tion errors for the computer used. A solution to the accuracy
problem was found through the use of the implicit logic where
truncation errors do not accumulato. It was only through ben-
chmarking against other codes that this problem was detected. It
also appears (Fig. 3. 4.1-12) that other well-established codes
had deficiencies which were detected in the original study.
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3.5 CODE MAINTENANCE AND SUPPORT

Itasca Consulting Group maintains a formal system for performing !
L maintenance and updating of the FLAC code, as well as for provid-

.

'

I ing procedural controls for ensuring quality assurance. The !

quality assurance program * provides a formalized system fort |
'

(1) testing of the code against relevant analytic solu- 1

I tions or test problems; (
|

f

; (2) reporting and documenting errors in code logic, and i

r fixing these errors; ;

I i

| (3) maintaining a system of unique identifiers for all |
code changes; |

(4) documenting all code modifications; and i

(5) peer code reviews. -

;

'Figure 3.5-1 gives an organizational chart showing the management ,

of the FLAC code within Itasca Consulting Group. *

1

CODE CUSTODIAN

M. Mm:k

| ,

:
i

i

P.A. Cundall M. Board M. Christienton !
,

Engineer Engineer Engineer .

.

Fig. 3.5-1 Organizational Chart Illustrating Management of FLAC
'

Maintenance and Support

:

*A Qualitv Assurance Plan has not been submitted for formal NRC
approvul.

.

A
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The code custodian is Mark Mack, who maintains code documenta-
tion, defines the required work effort in upgrades and mainte-c

nance, and arranges internal, and peer review as necessary.
Because FLAC is marketed to the general engineering community,

| modifications and additions are made on a continuing basis. De-' pending upon the modification, individuals with varying expertise
may be required for the specific developments. It is the respon-
sibility of the code custodian to assign the work effort to the
development engineers listed in Fig. 3.5-1.

3.5.1 Code Modifications

Code modifications may result from two sources: (1) errors dis-
covered in the code logici or (2) planned additions to the code'<

logic. A development plan for code updates is defined by Itasca,
with updates issued approximately every year. These updates may
include items such as the addition of heat transfer logic, fluid
flow, etc., and thus may be considered major additions. Code
modifications resulting from errors or minor code changes or ad-
ditions are handled by the code custodian or any Itasca engineer
on an as-required basis at the code custodian's discretion.

Two records are kept of code modifications: (1) a paper hard-
copy; and (2) a disk " mod" file. The code custodian (with or
without consultation with other staff) defines the necessary
scope of work to be performed and completes a code modification
form (Fig. 3.5-2). This form is kept in the permanent FLAC
files. An additional record, called the FLAC. MOD file, is kept
on floppy disk in the disk archives at Itasca. As the code de-
veloper performs a modification to the code, he updates this file !

with a complete description of the changes made. The FLAC. MOD
file, therefore, provides a history of code modifications. A
hard-copy is kept in the permanent FLAC files.

|

|

|
|

,

._.q - _ . -
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CODE MODIFICATIONi i

CODE VERSION

PROPOSED MODrK:ATiON

EURPOSE

NEW COMMAND / KEYWORD
MODFICATION PLAN pam use y assess to er owes.meen on sare)

PERSON RESPONSIBLE
EST. TIME REQUIRED
REVIEWED BY

. _ . . _ . . _ . . . . _ . . _ . . _ . . _ . . _ . . . . . . _ . . . . . _ . . _ . . _ . . _ . . _ . ,

ru.m se moronom cowan
COMFLETON DATE
COMMENTS

REVIEWER DATE

ATTACH Um4 0F WOOFE0 CODE

Fig. 3.5-2 Code Modification Form
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A simple numbering system is followed for setting a unique code
, identification number. Any code nodification which does not re-
| sult in a need to change the save files created by the code is

considered a minor modification. Major modifications require ad-
ditional offsets to be added to the main array in the program.
Therefore, previous versions of the code will not be compatible
with the new array structure, and it is impossible to restart the
old save files. The basic version numbering scheme is

Version A.XY

j' where A is an integer starting with 1, which is incremented for
| every released update of the code,
i

X is an integer which is incremented whenever a major
modification is made (This number is reset to zero
whenever a new code update is released.), and

Y is a one- or two-digit number which is incremented when-
ever minor modifications are made. (The Y-value is
reset to zero each time a major modification is made,
with the previous minor modifications are considered
to be part of the ensuing major modification.)

'

The example below illustrates c series of minor and major FLAC
modifications.

Version 2.000 update issued, version 2.00

2.100 1 major modification (change in save
file)

.

2.11
2.12
2.13 6 minor modifications
2.14
2.15
2.16

| 2.20 save file change constituting a major
modification; version 2.20 includes all
previous modifications.

The history of each minor and major modification can be traced
u via the FLAC. MOD file.
||

|

|

__ ___ _
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5.3.2 code verification

Code verification involves performing a set series or problems
with analytical solutions which exercise all critical functions
of the code operation. The problem set used for verificatfon is
' given in Section 7 of Volume 2 of this report, User's 3.anual .
New code logic may require additional problems to be added to
this set.

5.3.3 Technical Review

Technical peer review of the FLAC code is conducted at the dis-
cretion of the tode custodian. Dr. Peter Cundall, author of the
FLAC code, is ured in this capacity. It is noted that FLAC is
actively used for research and design by over 300 organizations
worldwide. In effect, this group constitutes a peer review in
that FLAC users submit the code to wide variety of problems on a
continuous basis. The comments and error reports of this user
group form a portion of the basis for code modifications and ad-
ditions. An example of the format used to report errors is given
in Fig. 3.5-3.

5.3.4 Restrictions

The FLAC code is proprietary, and was developed entirely by
Itasca Consulting Group, Inc. and Peter Cundall. Access to the
sour'e code is not generally available, and an executable versionc
only is distributed. The FLAC source code may be examined
through special arrangement with the FLAC code custodian, who can
be reached at:

Itasca Consulting Group, Inc.
Suite 210
1313 5th Street SE
Minneapolis, Minnesota 55414
(612) 623-9599

._ _ _ _ _
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