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Experi mental Study of a Tunnel ‘ S

C o l l a p s e  C r i t e r i o n

by

Leif N. Persen

Introduction.

This presentation is an attempt to gather the informa-

tion obtained through experimental investi gations of what in general terms

might be called a cavi ty ’s “collapse cri teri on” as fa r  as dynami c loading

is concerned. The experiments to be considered are the ones sponsored by

the Bundesministerium der Verteidi gung , West Germany and carri ed out by

A/s NORCONSULT , Oslo , Norway in the period 1968—74.

I t should be emphasized righ t froir the beg inni ng, that the

collapse criterion in the sense used here is not a sing le—valued phys ica l

quan ti ty even for  a given tunne l in a specific rock. A tunne l may have

several “coll apse criteriae” according to the definition of what should

be considered “a collapse”. The purpose of the tunnel will here be one

of the many factors to be considered. A tunne l may serve such a purpose

that it will continue to function until a more or less comp le te cave—in

occurs. On the other hand its purpose may be to protect hi ghl y sensi tive

objec ts from shocks caused by oncoming stress waves , in which case i ts

protective function may cease long before the tunne l as such is endangered.

The col lapse cri terion is thus here c losel y li nked to the cessation of

the tunnel’s functioning according to its purpose.

The very wide defini tion given above and the almost infi-

ni te varie ty of possible situations which may occur made it necessary to

limit the scope of the investi gation to a few situations of prac ti cal

importance. First a distinction was tnade between the lined and the unlined

(“ raw”) tunnel. Then only a certain class of linings were picked to be

tes ted. Finall y l imi tations were put upon the ratio between the tunnel

diameter and the length of the oncoming stress wave. Within this rather

restrict ed framework only limi ted information on the interaction between

the tunne l and the stress wave was sought.
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1. The “ raw” tunnel.

The ab i l i ty of a “raw” tunnel to withstand the influence

of an oncoming shock wave without being damaged , depends on several condi-

tions which may be of a rather vague charac ter. One such condition will

be the way in which the tunne l was ori ginally excavated. As indicated in

.s_ - — -- -5
’

_  a 

/
Zones of d is located

rock

Fig.1 Dislocation zones around two simi lar tunne ls under
different conditions.

Fi g.l the dimensions of the zones of dislocated rock material around the
tunnel may vary considerabl y depending upon the method of blas ting used
to excavate it as well as upon the original condition of the rock before

excavation.

Another such condition will be the extent to which static

stresses are present in the rock material adjacent to the tunnel. These

static stresses may change with time, and even tho ugh these cha nges may
be small and very slow , the stage may be reached at which the tunne l may
collapse without any additional dynamic loading .

These two conditions show how difficult it will be to

establish valid “collapse criteriae” for  “raw” tunnels. They also illu-

strate the difficulties involved in a theoretical approach to the prob lem

because such qual i ties as “degree of dislocation” is not easily quanti—

sized as par t of a descri ption of the situation around the tunnel.
The experimen tal approach to the problem consisted of an

attemp t to perform an experiment which , when execu ted on loca t ion , mi ght

I give an idea of the collapse criterion of a given tunnel. The idea was

to excavate a test tunnel using the same procedure as that used when the
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a ,

real tunnel was excavated. Because one operates on location one might hope

to have the same static stresses as those present in the real tunne l

neglecting the long term rearrangement which the stress at the real tunne l

may have undergone . Because of the way in which the test tunne l is exca-

vated one might also hope to have dislocation zones which are similar

in the two cases. The test tunnel will preferab ly be made smaller  than
the real tunnel , and consequently the question of a model law will arise .

The idea behind the tests was to create an inward mov-

ing concentric shock wave around a circular cylindrical tunnel. One could

thereb y hope to take advan tage of the focusing e f fec t of the sho ck wave

[i] so that one could create large enough stresses f or impending “collapse ”

at the test tunnel without endangering the real tunnels in the nei ghbor-

hood. This idea led to an experimental set—up illus trated in Figs.2 and 3.

A circular tunnel was excavated with a vertical axis. The radius of the

tunnel was H3 = 0.70 [m]. On a concentric circle of radius R1, = 1.70 fniJ
holes f or p ick—ups based on strain gauges were drilled. By means of these
pick— ups the inward moving stress wave can be monitored. Holes for the

charges were drilled on circles with radiae R 1 = 3.1C ~rn] and H2 = 2.~4C [mg .

Cylindrical charges were used as illustrated in Fig.3 . On the walls of the

tunnel were mounted accelerometers in the region where the shock wave
was expected to be “plane ”. Fig.2 shows the real location of the charges ,
the pick—ups and the accelerometers in the experiment. A similar experi—
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mer~t was also made to see if the focusing effect of the shock wave was

achieved. In that case the geometry shown in Fig.2 was kep t , the tunnel

was howeve r not excavated but the accelerometers were replaced by ordi-

nary s trai n ga uge pick— ups p laced in holes at the same location.

~1
holes for CIier~’.e

rii:~- i_ P,2
- -  

- - --[

Accelero— ,
‘met.

PIGh—~ p. I

- ‘° — - ~.
char9.~

Lt - 

±±i
” ’

~~
_

~
Fi g. 3 Geometry of  the experiment (side view)

The resul t of these tests can be summed up as follows :

1. As could be expected , the stress waves from each source did not
merge into one single nice concentric shock wave. Analysis of the
the shock wave showed that it would always have to be conside red
as the sum of the cy lindrical charges superimposed on each other.
This was however sufficien t for the purpose.

2. The focusing effect of the geometry was counteracted by the
attenuation in such a way that the peak value of the shock wave
remained constant as it moved inward . This was considered satis-
factory .

3. The collapse cri terion was to be determined as that
value of the oncoming shock wave for which spalling of the
walls started to occur . The charges were steadil y increased
and is- turned out that no definite value could be found below
which spalling did not occur. A certain amount of spalling
could be traced even at very low levels. Thus it was decided
to use the mass of the s~ a ll  as a measure for  “col lapse ”, and
a limi ting value of 360 Latmj for the permissible peak va1.ue of
the oncoming shock wave was finally established as the “co l laps e
cri terion ” for this particular tunne l in that particular rock .

I
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4. One would have to take account of the fact , that by steadil y
increasing the charges , the repeated detonations may alter the
rock ’s properties as a wave transmittin g medium.

5. The walls of the tunnel were painted in a color contrastin g that
of the rock so that the places where spalling had occurred could
be eas i ly found . In this way the mounted picture of the wall
after the event shown in Fi g.4 was obtained.
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~~~~~ A ‘ of p iw ~s of the tunnel WCL, af t e r  opal  -

p ~~. -‘ where sp ali~n~’ has ‘ rr

The r e su l t s  obta ined in these expe riments needed a d d i t i o n a l
support , and supplementing experiments were made in an entirely different

type of rock . One of the contentions to be tested was among others the assume d

geat influence on the criterion of the method used to excavate the tunnel.

Two of the test tunnels were therefore drilled , leaving the nei ghbori ng
rock as good as un touched , whereas the other two were excavated by cautious

blasti ng. The geometry of the experiment is illustrated in Fi gs.5 ,6 and 7.

The test tunnels I, II , III and IV extend from the four walls of the chamber

A i n Fi g.5 . The tunnels have a radius R = C.7 [a] as indicated in Fig.6
On concentric circles were drilled holes for the p i ck—ups (Al — A8), and

for the charges (Bi — Bl6). On the tunne l walls were mounted accelerometers

(Cl — C6). The length of the charges were 4 “~ as sh own in Fi g.7 where also
the relative postion of the pick—ups and the accelerometers is shown .

Th e charges were increased in steps u,~it il spalling took

p lace to such an extent that the tunnel was considered useless as shelter .

The value of the maximum ampli tude of the shock wave for which th is occurred

was taken as the collapse criterion. It is however clear that this value

t 
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Fig.5 Geometry of the experiment. (Top view)
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Bi — B16 Holes for charges
• A 1 — A 8  Holes fo , pick —u ps

Cl C6 Ho les for acceler omet ers

I F ig .6 Geometry of  the experi ment. (View of the
chamber w a l l . )
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Accelerometer  
i 

R 1 : 07 m

R2 _ 2 .1m ~~I I /4

Pick—up R?3 .l m  -
~

Charge

4 m 1
J

Ei~i.7  Geometry of  ~J ~e experiment. ( Cut along
the axis of ~i~e tunnel. )

may be in f luenced  by the repeated de tona t ions . There fo re  the charges

were ra ised  f rom 30 to 120 [g/mJ b y tunnel  II whereas it was decreased

from 120 to 30 [g In] by tunnel  IV. The effect on the mass of the spall

was striking. The two tunnels could be assumed to be rather equal and

thus could be expected to behave similarl y. The mass of the spall by

120 [g/m was f a r  less when t h i s  was the f i r s t d e t o n a t i o n  than when

one had gradual l y increased the  charge to the  same value .

The i n f luence  of the method used to excavate the  t u n n e l s

was a l so  c l e a r ly  bro ught out. The mass of the spalls in tunnels I and 111

which  were d r i l l e d , was much less than in the o ther  two which were b l a s t e d .

If i t were not for two d i s c o n t i n u i t y  surfaces intersecting the drilled

tunnels , where the only spall i ng took place , spalli ng would most probab ly

not have occurred at all in these tunnels at the same leve l at which the

others had to be considered “collapsed” .

The p ick—ups (based on strain gauges) and the accelero—

meters were used to monitor the shock wave. The measurements on the tunne l

walls corresponded well with those made in the rock.

‘4
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The r e s u l t s  of t hese  e x p e r i m e n t s  beyond w h a t  has a lr e a d y

been mentioned are perhaps best illus t rated in the f o l l o w i n g  diagrams .

From ihe si gnals obtained by the accelerometers at the walls of the

tunnels , the radial velocities at the walls could be obtained as func-

tions of time . F i x i n g  t h e  a t t e n t i o n  on the  peak val ’ues one found  t h a t

the same charge s measure d in grams per meter (iV) did not always create

the s~uue will  velocities in the tunnels. The peak values would also

var~’ from one,’ ~i c c e l e r om e t e r  to  a n o t h e r .  One may however take the mean

peak ~‘ il ue of the wall velocities and correlate with the charge mag-

nitud e ,~~ has been done in Fi g.8 . One will then find that a rather

nice correlation existed in the case of tunnels II , Ill and IV .

0 1
• l l
o III

________  _________  •_ tv 
_____

./
_ _ _ _ _ _  _ _ _  

/0 _ _ _200 
~~~~~~~~

‘ 

•1

/

W /
[g/mJ

100 -

.5 2.0

Mean peak ve loc i t y  [m/ s]

i~: ; . 8 Corr’~ i~ tion between -~~ ZnJ ~ J l-? -l ~- ud1: W Zfl(1 “~ 
-di - : ~~~~~~

~~~~ ~r.~~~cd z~ t 2 c  tunne l ~- -z~ Th c/’ I 
~ diJ f ~ 2 ’- ,~~:- :.-- .

It is however easily recognized that tunnel I d e v i a t e s  f r o m  the  res t

and thus the mean value of the peak radial velocities measured by

means of the accelerometers at various location s for one shot should

* be correlated with the magnitude of the spall ing caused by the shot.

This is done in Fi g.9 . The magnitude of the spa lling is measured as

• the wei gh t of the spalls (?) and Fi g.9 reveals that now tunnel III

$
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420 kg

/ 
at 3~4 rn/s

200 / 
~~

1
00

~~~~~ ~~~~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~F’Ll
Mean peak veloci ty  [mis) -

l~~:.9 I/ zoo of o~ a l l  M shown as function of ~oo ~~~~~~ p~~~~’ z - ~/ ’ :
me zouro~i at the woll for each 

s,z zo~

seem to deviate from the others . It should however be kept in mind

that the tunnels I and III were dri lled , and that spalling in these

tunnels took p lace onl y at the locations were these tunnels were inter—

sected by the discontinuity surface in the rock. The result in Fig .9
for these tunnels are thus not representative for a tunnel drilled

in the undisturbed rock .

The li miting value of M below which the spall is considered

to be of tolerable magnitude has to be judged , and will sometime s de—

pend on other considerations than the functioning of the tunnel as

such . In Fi g.9 this limit is chosen such that the limiting value is

reached when the peak wall velocity is i .lt [ m ’s]. This corresponds to

a maxi mum amp litude of the oncoming shock wave of 103 ‘/m , whi ch i s

less than 1/3 of the va l ue obtained in the previous case.

One may now sum up the results of these investi gations

in the following points valid for raw tunnels:

~ 1. It has been verified that the method used to excavate the tunn el
w i l l  greatl y influence the collapse criterion of the tunnel.

2. This means howeve r in view of the long terms changes in the
state of static stress around the tunnel , that also the age
of the tunnel will influence the collapse crit e ri o n of the tunneL

~ 
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3. Using test tunnels on location and performing the described
type of tests on them may for a given location give an indica-
tion of the collapse criterion in the sense used here . Howeve r,
the uncertainties of such a procedure are so great , that one mus t
con temp late very care full y if the expenditures are warranted.
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2. The lined tunnel.

The experiment~~1 inves tigations of the collapse criterion

of lined tunnels to be reported on here were all carried out in the

same rock . Because one had to limi t the number of possible types of

linings to a managable number , only the types exhibited in Fig.lO were

considered. These represent the normal types of linings used when more

sophisticated arrangements are not needed.

F io. 10 Lined t unne ls to be tested, a) Conor~~. Jinl n,~
; b) Rei’ ,~~r ’~ ~

concrete lining o) Reinforced con J’rZ-t:c. Zlnin~’ with -onohoro

Because the tunnels mus t be expected to be subjected to

the shock waves from sherically symmetric sources , the geometry of the

experimental set—up was chosen such that the test tunnels would be sub-

jected to spherical shock waves. It was also decided , that because one

would in most cases want to test tunnels in scales less than 1:1 , the

arrangement should prefe rab l y be such as to give information on the
influence of the size of the tunnel radius . What could be called a

model law for such experiments was envisaged.

In addi tion to the questions outlined above , main empha-

sis was to be placed upon an evaluation of the importance of anchors ,

i.e. how much would the carrying capacity of the tunnel be increased

by the introduction of anchors as compared with the same lining with—

out anchors. A similar consideration was also to be made to determine

the importance of the reinforcement.

These considerations led to a geometry of the experiment

whi ch is sketched in Fi g .ll. In the floor of a large chamber were

$
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Fig. 11 Sketch of the geometry of  the experimental set—up .

excavated seven vertical tunnels numbered 1 through 7. Tunnels 1, 4, 5

and 7 had radiae of R = 1.7 [m] , tunnels 2 , 3 and 6 had radi ae o f
R = 0.85 [m]. Tunnels 1 and 2 were unlined (“ raw”), tunnels 3 and 4

we re lined as b ) ,  tunnels 6 and 7 were lined as a) and tunne l 5 as c),

a ) ,  b) and c) referring to the type of lining shown in Fig. 10.

These tunnels were to be subjected to shock waves created

in I and II , two wells into which the charges were to be detonated.
One could not , f or prac tical reasons , make these wells so small that

the charges to be used could be conceived of as completely confined.

The charges were therefore detonated han ging f ree  in the center  of

the wells which were filled with water. In this way i t was also hope d
to create identical shock waves in I and II using the water to transmi t

the input pulse to the rock . For testing the measuring devise s smal l
confined charges were detonated in III, IV and V , whi ch were small  ho l es

drilled in the rock . The distance from the main charge in I or II to the

tunnels was 5 [m] as shown in Fi g.ll . However, the unlined tunnels 1

and 2 wer e p laced at a distance of 12 [m] from II, because their capacity

to withstand the effect of the shock wave was estimated to be far less

than the lined tunnels ’.

The tunnels were 10 [mJ deep as shown in Fi g.l2 . They

were lined to a height of 6 [m] above the floor. The charges were always
p laced at a depth of 7 [m] below the top surface , at which depth the

measuring sensors were placed. These sensors consisted of accelerome —

ters attached to the tunnel walls as shown in Fi g.l3. In addition a row

of strain gauge based p ick— ups were p laced between the two wells for

the charges . The signals from these were used to get information on

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ -~~~~ -~ - ~ - : :~ 1T1
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the shock wave created in each case by the exp losion . From the accelero-

meter si gnals information could be obtained on the motion of the walls

and the maximum amp lit ude of the shock wave when reaching the tunne l could

be determined. - -

The intention was to use charges large enough to bring

the tunnel wall to failure . The maximum amplitude of the stress wave

as it reached the tunnel could then be used as a collapse criterion .

One would howeve r have to try to get failure at the firs t attemp t be-

cause the previous experiments had shown a marked influence of repeated

exp losions . One started out with 1 and 2 kg charges in I I I , IV and V

for calibration purposes. It was however decided also to detonate small-

er charges in I and II f or the same purpose , b ut because of the way in

which the shock wave was created the charges were here 10 kg.

The firs t real test was the detonation of 50 kg TNT in I I .
This was done to fix at leas t one lower leve l which was not dangerous

to the tunnels. No visible damage was done to any tunne l on this occa-

sion. Then 200 kg TNT was detonated in I and thereafter in II. In these

cases heavy damage was inflicted on all tunnels except the unlined

tunnels  1 and 2 , which remained intact due to the longe r distance from

the source.

Some conclusions were drawn from inspection of the damages :

1. Comparison between tunnels of different sizes but with the same
type of lining (tunnels 3 and 4 and to some extent also tunnels
6 and 7) showed that the yield mechanisms wer e bas i c l y the same
in both cases . The damages seemed however to be greater in the
lager tunnels , an observation which will be given some thoughts
later.

2. Comparison between tunnels of the same size but with different
types of l in ing  ( tunnels 4 , 5 and 7) showed that the damages
inflicted on tunnel 7 (concrete lining without reinforcement)
were much larger than for the other two . Tunne l 7 co l laps ed
comp le tel y as is seen from the pho to in Fi g.14 . It was con—
cluded that in most cases would this kind of lining contribute
very li ttle to increasing the tunnel’s capasity to withstand
the influence of the shock wave.

3. The yield med anism by lined tunnels under these conditions may
be con temp la ted by observing the fracture of the walls of tunne l 4
shown in Fig.l5.

4. The fracture of tunnel 4 is similar to that of tunnel 5. The differ-
ence in the lining of the two tunnels consists of the anchors
and one may conclude that although the anchors may have contri-
buted to change the stress pattern sli gh t l y ,  the collapse cri-
teri on is for all practica l purposes the same . The influence of
the anchors is therefore marginal.

‘-I
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L:’j . 16 Sketch showing the yield mechcmism . Circle A
corresponds to circle A in Fi g .1 7.
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Th e y ield mechanism suggested by the fracture zones of

tunnels 4 and 5 is given as a shear fracture in Fi g.16 . This occurs
along generatrices as clearl y indicated by th e photo mounts in Fi gs.

17 and 18. One observes of course spalling also elsewhere on the

wa l l s  whe reby the reinforcement is uncovered , but the real fracture

of the lining occurs at an ang le 0 . This ang le is different in the

two tunnels (75 0 in 4 and 54 0 in 5) and this may be attributed to the

influence of the anchors. In a later section this will be dicussed

in context with an attempt to explain the fracture in detail.

The smaller tunnels 3 and 6 were also brought to collapse .

The damage inflicted upon them did not seem to be as great as for the

same type of tunnel with a larger radius . Fi g.19 shows tunnel 6 after

_

F i : . 29 View of  tunne l 6 a f t e r  the 200 k~ s:o ~~ .

frcc tur c-  takes p l occ o 7on~: ?cn: r o ~ 2- 20

~~ th~- 
~~ z o f  ~unne 1 4

the 200 kg shot. The tunnel should be compared with tunnel 7, a tunnel

with the same lining but with a larger radius . Tunne l 7 collapsed com-

p let el y, tunnel 6 showed collapse with damage comparable to tunnel 4

and with fracture occurring along generatrices. It should be noted ,

that the thickness of the lining was th e same in tunnels 6 and 7 , and

that the thicknes/radius ratios were different in the two cases . This

will lat er be used to exp lain the difference in the damage.

Fi g.2O shows tunne i 3 after the 200 kg shot. This tunnel

had the same lining as tunnel 4, it collapsed in the same way as this 

- 
_ _  _ _ _ _
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Fig.20 View of tunnel 3 after the 200 kg shot. The
fracture takes p lace along generatrice s os
in the case of tunnel 4

tunnel and again the damage was observed to be smaller for the tunne l

with the smaller radius . All comments to tunne l 6 app ly also to this

case.

This concludes the remarks on the damages as such and

represent also the answer to some of the questions orig inal l y posed.

However , the instrumentation gave additional information of quanti—

tative nature which could be used to supplement the information ob—

tam ed so far.  Such information would concern the wall velocities

crea ted by the shock wave e t c .  For that purpose the undisturbed

tunnels I and 2 were equi pped with a lining of the type b) in Fig .l O

and subjected to the influence of shock waves created in a well as

described here . For further supp lementat ion the li n ing was do ubled

in thickness to see if the effect of the thickness of the lining

could be detected in the results. Again the tunnels were subjected

to the influence of shock waves , wher eby in both cases the maximum

amp litud e of the shock waves was kept low enough to avoid damage to

th e linings . The results of these exper imen t s  are described in the

foll owing section.

~~~~~~~~~~~~~~~~~ 
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3. The wal l motion.

The experiments described so far had the aim to provide

answers to rather limited questions , but as mentioned one found that

answers of greater generality might pe rhaps be found. Hence the cx—

tention of the experiments was approved.

One finds that cases may occur in wh ich the contents

hidde n in the shelter and their sensitivi ty determine the extent

to which the tunnel may be subjected to the influence of shock waves.

Thus cases may occur where the “collapse criterion ” is an upper bound

on the maximum permissible amplitude of the shock wave at the tunnel

which is far below the value for which the tunnel as such is endangered.

The way in which the contents will experience the shock wave will de-

pend on the arrangement within the tunnel , but in all cases the motion

of the tunnel walls during the period when the tunnel is engulfed by

the shock wave wi l l  be of si gnifican t importance.
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The geometry of the  supp lemen ta ry  e x p e r i m e n t s  is show n

in Fi g.2l . It is noticed that the tunnels are now equi pped with ;iccel—

erometers mainl y on that side which faces the oncoming shock wave . The

reason for that is that in the f i r s t  e x p e r i m e n t s  ve ry l i t t l e  move-

ment of the “back walls ” was recorded even in the cases where the

“front walls ” were heavil y damaged. It should be noticed that this

indicates a spec ia l  type  of collapse , and that thus the results are

li mited to this situation.

Bef ore goi ng into detail on the results the following con-

siderations are useful. The interaction between a shock wave and a tun-

nel will to some extent be characterized by the rati o D/L between the
diameter D of the tunnel and the length L of the oncoming shock wave .

When LI >> the interaction will be similar to the reflection from a

p lane wall , and the maximum amp li tude of the stress wave may have been

considerab ly attenuated when travelling a distance equal to the dia-

meter of the tunnel. Usuall y this sit uation is not of any great prac-

tical importance. When D << I, the variation in the stress across the

tunnel is not significant compared with the stress leve l in the wave .

One has a quasi—static case with a stress distribution around the tun-

nel wh ich  may be judged from static considerations . This may be the

case when the stress wave ori ginates from a nuclear source. When D L

the situation occurs which the experiments are supposed to cover , and

which is rather difficult to handle theoreticall y. In the tests carried

out in the experiments the ratio varied within the range I. ~/C < L/D < m. 6 7 .
The scope of the investi gation was to establish relations

w h i c h  wou ld  permit the prediction of the motion of the tunnel walls when

the oncoming shock wave was specified. Such a specification can be g ive n
by 3 quantities if the oncoming wave is considered to be mainl y a t n —

angular wave as shown in Fig.22 . The maximum amplitude A is measured in

[mis] whereas the wave length L and the rising length AL are measured 

- - ? . ~z rip~ ~~~~ 2 -rr oj ~frz - ‘ “ n : 0 1 -
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in [~~
j and converted t o  lengths by means of the si gna l v e locity of

th~ r o ck .  T h i s  r e a l l y means t h a t  the shock wave is I , I r~~ to ri zed by its

velocity fie ld .

One should  bea r  in mi nd t h a t  nit - is ii r ,-nie nt s of cove l e n g t h s

ar e  very  u n c e r t a i n  and t h a t  g r e a t  ca re  mu s t  ho exerc i ;~ -i when d e c i d i n g

whether or not irrelevant influences are present in the s ie o ils. As an

examp l e Fi g.23 shows the signals for shots 4 — 8 wit h the triangular

wave drawn in. The “tail” of t h e  o r i g i n a l  si g n a l  is  i n f l u e n c e d  by re-

f l e c t i o n s  and Ii~ s t hie r el , ’rc been neg lected in deciding the triangular

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Wit h the three input data A, L and ~L in addition to

the signal velocity c of the rock the motion of the tunnel walls

can be predicted in the following sense:

1. J u s t  as a t t e n t i o n  i s f i x e d  on ly at th e first posi tive phase
If the oncoming shock wave , onl y the f i r s t p o s i t i v e  p h ase

o f  the  r a d i a l  w a l l  v e l o c i t y  V is cons ide red .r
2.  The f i r s t  p o s i t i v e  phase  of V is conceived of as having a

triangular form . 
r

3. The wall motion will then be given by four quantities:

V given as a function of the location 0, 0 being
“ max- ,  the angle at the center of the tunne l between

the direction to the source and the direction
to the location.

t 
- 

given as the time at which motion at the location
° 0 starts.

tr given as the rising time , i.e. the tim e needed
for V to reach its maximum value at location 0.r

At given as the duration of the positive phase of
the radial wall velo city at location 0

The aim is to relate these four quantities to the three parameters

of the shock wave .

The arri val time t

7

Origin

/ -

The arrival time is c o u n t e d  f r o m  t h e  t im e  when t h e  shock

wave firs t meets the cavity until it has reached the position 0 as shown

in Fi g.24. From pure ly geometrical considerations ont obtains :

$

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~~~ ij



~~~~-~~~~~~~~~~~~~~~~~~ - - - -~~~~~~~
‘--

~~~~~ 

— 24 —

= 
h I  

[~~~ 

2 i _ ~~~~~~~~~~~~~~~~~
} 

(3.1)

T h i s  may be rep l aced by the  much s imp le r  exp ress ion  when >> R

_____- = (1 — -ac ’ ) ( 3 . 2 )

The max i mum am p l i tu de V
V, rr~ Z.0

The maximum amplitude V of the r ad i a l  component
r, r ”2x

of the w a l l  v e l o c i t y  may accord ing  to the findings of the investi ga-

tions be expressed as follows :

Vr r~~-~ ~
‘
o’ ~~ ~~ 

(~~~~~~~~~ ) 2) (3 .  3)

where a is a cons t an t  exp res s ing  the  i n f l u e n c e  of t he  s i z e  of the

t u n n e l  and where 0 is  to be introduced in degrees (
0
)
~~ The s i ze  of

the  tunne l  is related to the decay of the stress wave as it travels

a distance comparable to the radius of the tunnel. Let S be the non—
0

d i m e n s i o n a l  peak s t r e s s  in the shock wave as i t s  f r o n t  imp inges on

the  t u n n e l .  Le t  S
90 

be the  c o r r e s p o n d i n g  value when the  wave has

t r a v e l l e d  so f a r  t ha t  i t s  f ron t  has reached the p o s i t i o n  0 = - . Th en

-a is g iven  by:

a = 1. ~~4 S / S - . 2 / ( ’ ( 3. 4)
~ 9~

I t  is clear that in this way not only the size of the shock wave as

compared w i t h  the t u n n e l , but  a l s o  the  “p rope r t i e s ” of t h e  rock as

a wave transmitting medium has been attempted accounted for.

The dura ti on time At

The duration time At of the first positive phase of the

rad i a l wal l  ve loci ty may be expres sed as f o l l ows :

~~~~~ 
~~~~~~~~~~~) 2) (3 5)
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where V according to the results seem to be independant of the tunnel

s i ze  and c o n s e q u e n t l y equal to a constant:

0 = 2. ( 3 . 6 )

The quantity At 0 is the duration time recorded at the location 0 0,

and it may be related to the oncoming shock wave as follows :

= ~~ ~-~znh (5R/ L) (3 . 7 )

where R is equa l to the t unnel radius as before and L is the wave
length of the shock wave in the sense used previousl y.

The rising time t
r 
:

The time needed for the velocity at a given location to

increase from zero to its first peak is called the rising time t and

may be given as a fraction of the duration time :

t/At = 0 . 0 59  ÷ 1.7 ~1O ( 0/ 180) 2 (3.8)

The numerical constants in this expression are rather uncertain. They

have been determined from information From the first experiments in the

geometry shown in Fig.ll , and Fig.25 gives an impression of the accuracy.
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The later experiments in the geome t ry 111 Fi g.21 gave resu lts exhi—

bited in Fi g.26 . t ’ii~~ uncert a inty of the const ants is clearl y demon—

I 
strated. I t  s h o u l d  be not  iced t h a t  t h i s  u n c e r t a i n t y  is i m m a t e r i a l

for the determi nation I f  the maximu m radial disp lacement of the

$ wa l l , it is howeve r cruci a l if one wants to determine the maximum

rad ia l ,~~- c  - U -  rat ion of the wa ll
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F-Ic . 27 Corirpar-ison bet-ween measured W27- i lÀ ~~tl~ 0 - 1 7 ( — — — —

dotted line) and the predic~ed vo - ~ ‘ ? -  l -o~ . :i  -

tions (3.1) to (3.8) ( full dr~ on I3o )

The way in whi ch the emp irical formulae (3.1) to (3.8) may

be used is exhibi ted in Fi gs.27 and 28. In these diagrams the recorded

wall velocities are shown as functions of time . These are compared with

the signals which can be predicted based on the given formulae provided

the oncoming shock wave is specified. Fi g. 27 shows the comparison for

the  50 kg shot agains t tunnel 7 where the shock wave specification has

~ been gathered from the recordings made of the wave propagation . It

should be noted that this is a tunnel with a large radius , and with

a lining that did not stand up to the 200 kg shot. Fi g.28 shows the 
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same type of comparison for tunne l 3 (Fig .ll) which is a t unnel with

on ly half the radi us of t unnel 7 and with a diffe rent lining. lt is

seen that in both cases the predictions occur with a satisfactory

degree of accuracy bearing in mind the great uncertainties of such

measurements. It seems that the type of lining, at leas t within the

variations considered here , does not influence the wall motion as

long as the stresses are kept on a level below collapse.

4. A semi-static approach.

The investigations described here are only ai med

at gaining an understanding of the collapse of a tunnel when this

takes place as a puncture of the lining during the passage of the

firs t phase of the shock wave . Only this case has been studied

experime ntall y ,  and the emp irical relations obtained are limited to

such cases. However , it may be of interest to attemp t a more de—

tai led  study of how col laps e is bro ught about unde r such circum-

stances.

If one compares the carry ing capaci ty of a “raw ”

(u n l ined)  tunnel wi th tha t of a lined one , it seems natural to

attribute the increased capacity of the latter to the fact that

the l in ing  is carry ing the burden exclus ivel y. The lining will

act as a shel l  or an arch whi ch dur ing  the passage of the sho ck

wave carr ies  a rap idly ch ang ing load . One may attemp t computing

the stresses in the lining by a s tati c appr oach , assuming that,
at each position of the shock wave relative to the tunnel , the

lining acts as an arch carrying a static load which however

would have to vary from one position to another. The problem

will then be to determine the load to be app lied.

In the following the situation will be examined

when the front of the shock wave passes the front portion of

the tunnel. The tunne l is supposed to have a circular cross section ,

the fron t of the shock wave has a given slope and its position

during the passage is given by the ang le 0 as shown in Fig.29

Two positions of the shock wave are shown in Fi g. 29 , and the

load function ~; giving the distribution of the load on the arch

ove r its horizontal projection is supposed to be proportional to

I the amplitude of the shock wave in an undisturbed field. This

‘S

i_li- ,
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Fig.29 . The front of the shock wave at two posit ions
0 = 8 with the- corresponding load function p.

then leads to the fol lowing expression for  the load f unc tion

p = p (cos0 — cos O
0
) ( 4 . 1 )

It should be stressed that this is to be regarded as a guess , and that

a similar distribution

1 — cos0
p = p ° (sin 8 — s in 0)  ( 4 . 2 )

~ sin0
0

would give a strai ght line distribution with the same value at 0 = 0~~~.

This would be jus t as accep table a guess for the load f unc tion , and

consequently also this possible distribution will be considered.

It is further assumed that the lining acts as an arch

which is buil t in at its ends where 0 = *8 . The situation will then
0

be as sketched in Fig.3O where the loading situation on the arch is

given.  H and V are the horizontal and the ver t ica l  components re—0 0

spec t ively of the f orce transmi tted through the arch at its built—
in end and is the bending moment at the same location . At an ar-

bi trary location 0 the forces transmitted through a cross section

$
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30 . Sketch of the a~~ h o t i~ i ts load f o r  o ~~ven posi tion of the
shock wave . The positive direerions of the forces at an ar-
bitrary cross cec t - n  are also ahown .

of the arch are given by the shearing force Q , the axial force 7! and

the bending momen t M. These quantities have been calculated as func-
tions of 0 for each position 0 = 0

0 
of the shock wave , and the re-

sul t is given in the tables in the Appendix. The load function used

is given in (4.1) but for comparison also (4.2) has been used. The

resul t can be summ ed up throug h Fi g.31 where two characteristic
situations are exhibited . The distribution of the axial force N ,
the shearing force Q and the bending moment over the arch for two

different positions , 0
0 

= 5~~
0 and 0 = 81 0

, of the shock wave are

shown. The load funtion is given in (4.1) but in the latter case

also the results for the load function in (4.2) are shown by dot ted

lines. It is noticed that the difference between the two load func-

tions is marg inal f or all  quantities except the axial force ‘
~~. This

quantity exhibits a maximum value which does not occur at S = 0
0 

as

Q and M do. Comparing these results to the experimentally obtained

yield of the lining (Figs.17 and 18) one finds that the position at

which N exhibits ist maximum value corresponds very well to the po—

si t ions a t which y ield occurred. Thus one may take this as an encourag-
ing indication that the proposed semi—static approach may render

sensible resul ts.

Regarding the yield mecha nism for  a reinf or ced concre te

structure subjected to the simultaneous action of axial — and shear

stress as well as bending stresses no conclusive investi gation seems

S
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Fi g. 31. Axial force N, shear force Q and bending
moment M in the arch (lining) for two
different positions of the shock wave .

to be avai lable  in the li tera ture. A recent investi gation origi—

mating from the activities in the North Sea has been carried out

at the Norwegian Institute of Technology (NTH) by LENSCHOW and

HOFSOY [2]. The complexity of the situation is perhaps best brought

out by a brief account of their results. Fig.32 is a reproduction

of Fi g.5.4 in [2]. Is shows how the carrying capaci ty of a rein-

forced concre te strdcture depends on the magnitude of axial— and

shear forces as well as of bending moments , and indica tes the type

of failure under different circumstances according to the Norwegian

Code NS 3473. It is however clear that the code given this way is

valid onl y f or a given rela tion between the shear force and the

‘S
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LOAD CAPASITY
According to the Norwegian Code,
NS 3473

Fi g S.4 

- 

h~

N~~ tç hh

0,1 

-

P/- /N~ /
- SHEAR CAPAS1 TY .~~ /

1,2 - 

(C’omi,ression fai l ur e )  1

1.0 - 
/ MOMEN T CAPAS1 TY-~

0,8 —  /

0,6 -  —

/ ‘
~~~ —SHEAR CA PA SITY

0,4 — 
~
“ (Dia gonal tension failure)

/

0,2 -
/

— 

• • • I • • • I

~ 2 3 4 5 6 7 8 9

Repro duction of Fi g . 5 . 4  of [ 2 ] .

bending moment. (The notations used in Fig.32 and later in Fig .33
are exp lained in the figure . It should be added that f  and f are

the desi gn s trength of the con cre te and the steel respec tive ly. V
is the shear stress corresponding to Q in the present notations.)

Fig.33 is a reprod uction of Fig.9.8 of [
~] which gives

a review of the situation . Not only is the Norwegian Code 3473 shown ,

bu t also the American Code ACt and the European Code CEB together
$
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Fig 9

Ana lyt i cal model compared with codes
LOAD CArASI1 V

1.4 

~~~ ~~,lp~~s~~ V

1 2 N5 I- ~~ - -

I ——  ________ — - 

= 
-

:::~i:~
~~~~~~~~

~,2O 0,60 0.40 0.30 0,24 0,20 0,17 0.15 0,13

~~Tests; A,. A~.O,67 bh *. MODEL TEST
1(JO (Related to the higher

/h~~
,2 concrete strength)

h/~.o,82 *.MODELTEST
(Not related to the higher
concrete strength)

~—~~r-oduction of FI- ~.J. 8 :f [J

with their own results and their analytical model. It seems clear

that these results indicate a shear failure at the locations oh—

served if the results from the semi—static calculations are used.

Th us , one is again encouraged to try this approach for the deter—

mination of the capacity of a lined tunne l to withstand the influence

of a shock wave . Again it is stressed that the approach onl y is aimed

at cases where the fai lure takes place as a “puncture ” of tile I ining

during the passage of the first phase of the shock wave .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - _ _ _ _ _
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A P P E N D I X

Lis ting of the static quantities in Fig.30 :

N = normalized axial force = N/p R

Q = normalized shearing f orce

M = normalized bending moment = ‘-!/ p 2~ 
2

H = normalized horizontal force = H/p- i~

V = normalized vertical force = V/p R

Load:
= ~ 

(~:~ -c~~ 
— ]0 08  )

- - 0 0
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8 4  N Q M H V
5.6 0.2976193 0.01069?7 0,0061835 :0.7957921 0.03S~ S37

10.8 0.3043287 0~ 0194581 0.0027403 —0,7952921 0.0761389
16 .2 0.3146305 o ;o?653 67 0.0006319 ~o .?cs2 92l 0.1113 415
21 .6 - 0.3272 911 0.0244900 — 0.0017233 —0. 7957921 0.1432541
27 .0 0.3407508 0.0183244 — 0 .0037916 —0 ,7952921 0.1710248
32 ,4 0.3532733 0.0055733 :0.0069699 .0.7957921 0.1939990
37 .8 0.3631129 — 0.0136671 :0.004 6371 .0.7957921 0.21 11533
43 .2 0.3686870 —0.0387568 — 0 .00220 94 .0.7957021 0 ,2761311
68 .6 0.3687355 —0.0685805 0.0028169 .f).?952921 0 .2312394
56,~~ _ 0 .3624534 ~0

’.1016635 0,0108203 :0.795,921 0.2334748

0 N 
-~~~ Q H — V

6.3 0.3698939 0,0192214 I 0,0085 3 70 ~0.~~655508 0.0596953
12.6 0.3823497 0.O347 9l~6 0.0055179 .0,3655508 0.1113656
18 .9 0.4012661 0 0436716 0.00113*6 .0,3655508 0,1111069
25 .2 0.4241081 0.0427303 — 0,0036956 .0.3655508 0.2192400
31 .5 0.4477584 0.0310547 :0.007*561 .0.1655508 0.2604316
37 .8 0,4688888 0.0080665 0,0101089 .0,3655508 0.2937590
64 .1 0,4843575 ~0,0254644 0,O0924~ 3 ~0.16S5S08 0.318783~
50.4 0.4915867 —0 .0677402 — 0 .0041872 .0.1655508 0 .3353801
56,7 0.4888745 — 0 .1162320 

- 
0.0058842 .~0.1655508 0.3447909

63 .0 0.4756031 —0.167~~~~_~~~~~ I .0,365350* 0.3475244

0 N Q 
- 

M H V
7.2 0.4343998 o;o ,2os2s t 0,0158 176 ~0.4269534 0.0862742

t~~~4 4  0.4556313 0.0577563 0,0100741 .0.4269534 0.1692527
21 .6 0.4874841 O;0714373 •O.0018063 ;O, 4269534 0.2458756
28.8 0.52519 08 0,0690702 .0.0072049 .0.4269534 0 .3135303
36.0 0,5630622 0.0486121 ~0,0147920 ~0,4269534 0.3702871
43.2 0.5952961 0.0102239 —0 .01866*5 .0.4260534 0.41 69611
50 .4 0,6167956 .0.0438579 .0,0167018 .0.4269534 0.4472931
57 ,6 0.6238762 —0.1091486 — 0,0071497 .0.4269534 0.4679499
64 .8 0.61 67549 ~‘0,1825802 0,011172 0 :0.4269534 0.4785080
72.0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
0.038*160 — 0,4269534 0.4813727

0 N Q M H 
— 

V
— 8.1 0.4864262 0.0503561 O ,0~ 1O7Si 0.47 44782 0 .1183918

16.2 0.52027 63 0.090 1 100 0 .0169612 :0.614 4782 0 .2316845
24 .3 0.5703868 0,1102571 0 .0Q232~ 7 .0.674 4782 0 .3352102

• 32 ,4 0 ,62841 03 0.1047096 .0.012 9945 .0,67 44782 0 .4251283
60 .5 0.6847116 0.0711.075 — 0.0257319 -:0.67 44782 0.498755 1
68 ,6 0.7299400 0,0100848 ~.0.031 8665 ~0.6744782 0.5348004
56.7 0 .7565430 —O ,07073?6 — 0.0?783A 4 .0.6744782 0.5934904

- -
- 64,8 0 .7590111 .0.1667984 — 0 .0111617 —0,4764782 0.61656*8

• 72.9 0.7389646 —0 .26908*3 0,0196169 —0.4746782 0.6271743
_81 .0 0.6960773 

- 
—0 .37014~ 7 0.0668518 — 0 .67 4678? 0 2 9 40

o N 
_ _ _ _

Q 
- -  - 

M 
_ _ _ _  

H____ V
9 0  0.52233 97 0:0750055 0~ ö6331Q9 fl,c041754 0.1537940
18.0 0,5734485 0,1331 471 0 .026A57 5 —0.5041754 O .30402s9
2 7 .0 0.6480141 O p1 612574 •0.0030504 ?0.6041754 0.437 8737
36.0 0.7322989 0.1501 6*5 — 0 .0219495 .0.S041754 0 .5519233
65.0 0.8109621 0.0979510 ;0,0419616 ..fl .S0417S4 0.6426990
54 .0 0.8699423 0.0089530 — 0 ,050 7917 —0 ,5061754 0.7090010
63 .0 0,8989571 — 0.1078078 — 0 .0432951 —0 .3041754 0.7520329
12.0 0.8931194 .0,23992 93 —0 .0161013 .0,604 1754 0.7752648
81 ,0 0.85332 92 — 0 ,3753039 0.0322469 .0,5041754 0 .7841175
90,0 0.1853 981 — 0.5041734 0 ,1016561 0,S0~ 17S4 0.7853991
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M 
- 

‘ 

H V 
- --

0.9 0.0065306 0,0000902 0,0000178 ~‘0.fl06S284 0.0001927
1 .8 0.0065372 0.0001763 0.0000157 — fl .fl065284 0.0003815
2,7 0,0065477 0.0002544 0,00001 23 ?o.rrno,286 0.0005675
3.6 0,0065615 0.0003204 0.0000078 — 0,0065284 0.0007318
4,5 0.0065778 0:0003704 0,0000024 :0,0065284 0.00Q8854
5 ,4 0.0065954 0.0004006 —0,0000037 .0,0065284 0.0010195
6.3 0.0066130 0.0004072 ;o,0000iol ~‘0.fl06S284 0.0011304
7.2 0.0066291 0.0003863 .0.0000164 .0.0065284 0 .0012141
8.1 0.0066418 0.0003346 -:0.000 0271 —0 .0065284 0.0012671
9.0 0.0066491 0 r100?485 —0.0000267 —0.0065284 0.0012856

o N Q M H V
1 .8 0 .0611038 0.0002412 0.0000352 .0.0410760 0.0015322
3.6 0.0611853 0.0004467 0.0000242 .0.0410760 0.0030319
5.6 0 .0613161 0:0005815 0,0000019 .0,0410760 0.0046669
7.2 0.0414797 0~.flfl06114 .0.0000112 —0.0410760 0.0058053
9.0 0.0416678 0.0005040 ;0,00002!1 ~0.fl 61fl7 60 0.0070160

10.8 0.0418603 0.00022*9 —0.0000411 .0.0610760 0.0080687
12.6 0.0420356 —0:0002416 —0,0000414 -:0.0610760 0.0089340
16 .4 0.0421689 —0.0009373 —0.0000236 —0 .0410760 0.0095840
16.2 0.0422327 — 0,0018645 0,0000197 ~.0.04i0760 0.0099921
18,0 0.0421969 —0.0030558 0.0000963 -0.0410760 

- 
0.0101333

0 N Q M H V
2.7 0.0895352 0 .0009002 0,000~ 8Q7 ~0.O893934 0.0051169
5.4 0.0899688 0.0016605 0.00012*5 — 0 .0803934 0 .0101181
8.1 0.0905995 0.fl02i4S5 0.0000375 —0,0893934 0.0148897
10.8 0.0914304 0.0022281 —0,0000674 :0,0893936 0.0193209
13.5 0.0923641 0,0017936 —0 .0001644 —0.0893934 0.0233060
16.2 0.0933056 0.0001435 —0.0002261 .0,fl893934 0.0267455
18.9 0.0941448 —0.0010013 -:0.0002235 —0.0893934 0.0295478
21.6 0.0947600 .0.0034982 -:0,00012 05 :0.0893936 0 .0516310
24 .3 0.0950218 —0 ,0067803 0,0001185 .0,0993934 0 .0329233
21.0 0.0947976 — 0.0108551 0,0005300 .f l• 0 8 9 39 3 4  0 .0333652

8 N Q M H V
3,6 0.1518059 0,0024234 0,0006644 ~0.~~513S 62 0.0119506
1.2 0 .15311 95 0.0044517 0.0fl044~ 3 —0 ,15 13542 0.0236076

10.8 0.1551725 0,00570 89 0,00012 1 1 :0.~~5 135 42 0.0346842
14.4 0.1577672 0.0058567 —0,0002488 —0 .1513542 0.0449078
18,0 0.16064 13 0,00461Q7 :0,0005 856 :0.151 35 42 0.0540259
21 .6 0.1636806 0.0017554 — 0.0007 945 .0.151 3 542 0 .0618133
25.2 0.1659352 —0. 0028455 —0.0007606 ~0.15 11542 0.0680771
28.8 0.1676381 —0.flfl92 40~ -:0,0003092 :0.1513542 0.0726625
32.6 0.1682245 — 0.0173891 0,00042*4 —0.151 3 5 62 0.0754571
36 ,0 0 .1673521 —0 .0271588 0,0018109 —0,151 55 42 0.0763951

9 N Q M __ H__ V
4.5 0 .22301 02 0 .0054191 0,001 8110 0.?flS~

7
~ 0.0228996

9.0 0 .2262330 0,0~ 9o0 95 0,0012071 :0.7218975 0.0451782
13 .5 0 .23122 91 0.0126055 0,0003035 —0 .721 8975 0.0662365
18 ,0 0.2374636 0,0127623 :0.0007114 .0,7718975 0.0855179
22.5 0.2462424 0.0098012 0.0016105 O ,~~2i 8975 0.1025282
71.0 0.2507627 0.0033782 0,0021 607 .0.2?18975 0.1168539
31.5 0.25 61719 .0.0066508 0.00205c7 :0.’?1*075 0 .1281787
16.0 0.2596319 .0.0201620 —0.0010247 —0.7218075 0.1362964
60.5 0.2603837 — 0,0368008 0,00 11934 :O.’?1 8075 0 .1611271
45.0 0.2578087 .0.0560018 0.0048232 •0,7218 975 0.1426901 
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