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TAVESTIGATION OF UNDERCROUND EXPLOSIONS WITH MODEL TESTS

Measurements on the nlatiorm

SUMMARY

Model teste in three scales were undertaken to examine if

simple scaling laws can be used to investigate underground
exnlosions. Charges were detonated in steel tubes, and pressures
and arrival times were measvred in the tube and on a platfor.
The cbjective of the tests is deseribed in more detail in (1),
which also deseribes the results from the neasurements in the
tube.,

This repert deccribes the results from the measurements on the
platform. As for *the measurements in the tube, a deviation from
the gimple scaling lews is observed., The dependence of the
pressure on tube dismeter, charge weight and wall roughness is
examined.

A detsiled description of the experimental set-up is given in
(2) and of the dzta processing in {3). Reference {3) also con-
tains o Llist of the measured front pressures, maximun presaures
and arrival times.

INTRODUCTION
Model tests in three scales veres undertaken to examine if simple scaling
laws are valid for describing the blaszt wave originating from an scciden-—

tal explosion in an underground ammunition storage site. The objective c¢f
the tests is described in more deteil in (1). The models consist of a
tube, simulating & tunnel, end a plstform, simulating flat terrain (1,2).
The pressurc-time history of the dblast and the arrival time of its shock
front wvere measured and recorded (2,3}. The resulis from the measurements
in the tube section were presented and discussed in (1). In this report
the results from the measurements on the platform section are discussed.

/

The necessary definitions for reading this report are also found in (1).

In the appendix to {3), all the recorded front pressures, naximum pres-
sures and aveival times, both from the tube scetion and from the platiomrm

section, ave listed,



DIFFICULTIES WITH PRESCURE TRANSDUCERS

i)

The pressures measured on the platform range from a few bar close to the
tube outlet to about 50 mbar &t larger distances from the outlet. It is
difficult to find good pressure transducers which cover this range of

values,

We have used LC65 transducers from Celesco. The uncertainties in the
measurements with these should be about 20%. In addition to this uncer~
tainty, there are oscillations in the platform which may disturdb the

rieasurements.

Vhen the experiments were finished, it was realized that the cslibration
values of the transducers as given by th: producer vere unsatisfactory.
Control calibrations performed at the Neorwezian Defence Research Estab-
lishment showed a deviation of sbout 1007 from those given by the produ-

cer. No information about linearity is given by the producer.

As a result of this uncertainty with the calibration, the discussicn in

this report is based mainly on the arrival time measurements.

However, for some of the pressure transducers, it was rossible to estat-
lish a confident calibration procedure. As a result it was possible to
recalculate the front pressure at the measurement stations zlosest to
the tube outlet in CFG.l, end for the case of zero wall roughness in
CFG.1 even at most of the measurement stations. The front pressures ob-

tained in this way are used with some confidence,

In the listinpg of the pressures in the appendix of (3) the uncorrected
(&

pressure values ure given.
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TUBE_OUTLET

Scale-dependence of the vressure drop

In (1) we observed that the front pressures in the tube were larger in
the larger scales, and that the difference increased with distance from
the charge. When vwe look at the front pressures atl the measurement sta-
tion 10 tube dismeters from the tube outlet on the platform (Table 3.1).
it is therefore surprising to find that the front pressures now are

smaller in the larpger scales. The deviation from scaling with respesct to
dimension seems to chsnge direction when pessing through the tube ocutlet.
Figure 3.1 shows some examples of how the front pressure fells as it passes
through the outlet in the three scales. We shall study in greater detail
the pressure drop of the shock front when it passes through the tube out-
let. This pressure drop is due to the fact that the propagation of the

shock wave changes from one-dimensional to three~dimensional.

Since on the platform we have confidence only in the pressure measure-

ments in CFG.l, we shall restrict ourselves to this configuration.

Examination of the pressure drop

We have calculated

U

gr

(3.1)

i)

where P' is the front pressurc at position n=52 in the tube just at the
outlet, and P'' is the pressure at the position =10 tube diameters from
the outlet on the platform. P' increases with increasing scale, while P'!

decreases with increasing scale.
The values of vy are listed in Table 3.2,

To study the deviation of vy with increasing D, the values of y are used

to estimate a linear equation

Yy = &+ bD (3.2)



Trhe values of & and b and the corralation coelficient R are listed in
Table 3.3. b is positive, indiecating that the pressure drop increaoses
when D increaces. 1L ig also seen g5 & wéak tendency that b decreases
wken the charge group g increases. The scale dependence of the pressure
drop is thus larger for smaller charges than for larger charges.,

From Table 3.2 we also see that vy decreases vhen g increases, nnd that

it increases with ineressing Large-scale roughness.

Cenelusion
Tre large-scale roughness of the tube walls influences the pressure drop
ir a region where it is rot physically present. The wall roughness nmust
thus influence the pressure drop through its earlier impact on the pres—
sure-time history of the blast following the front shock, zs it propagatesn
through the tube., It must be concluded from this, and from the discusrcion
in section 3.2, that the drcp in front pressure through the tube outlet
depends critically on the pressure-time history following the shock, and
that the scale dependence of the preccure drop must result from a sceale
dependence of this pressure-time history. This shows that if one wants ‘o
get a clear picture of the front pressure dependence on scale, one musty
examine how other parameters describing the blast, such as impulse and

pcsitive duration, depend on scale,

We have not analysed our pressure/time plots sufficiently to give any con-
clusions about the scsle dependence of impulse or positive duration, and
skall not comment on which physical effects are determining the pressure
drop. As will be seen from the discussion of the shock propagation on %the
platform, however, the scale dependence of the pressure drop in the tube
outlet does not seem Lo result from a scale dependert loss of energy in
this region, but from a scale dependent redistribution of energy in the

blast.
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CURVE FITTING ON PRESSURTS OBTATNED FROM TIME MEASURFEMENTS

Curve fitiing nroce 2Qus e

Based on measurenents of arrival tines a nean velociiy of the shock be-
twveen two succeeding measurement statiorns are calceulated. We let this
veloeity correspond to a yposition midway between the two measureme
stations. The front-pressure in this position is then calculeted by the

Rankine-Hugoniot eguation. The curve from
(4.1}

where N is the distance from the tube outlet, measured in number of iLuhe
diameters, is fitted to the values of the front pressures, The fitting
parameters PO and B rep ent the pressure in position N = 20 and the

attenuation of the fron’t pressure, respectively. Only pressurcs in posi-

tions N > 20 are included in the curve fitting.

Tre values of Po, B and the correlatiocn coerfTicient R are shown in

Table b,la for CFG.1l and Table L.1b for CFG.2.

Discussion of P

It is seen thst Po increases with increasing q, bul that the increase

maller than & linear incresse. The curve form

[
vt
4]

ba
PO = g e * (.2}

is with good correlation fitted to the values of Po. The results are

shown 1n Teble L.2a for CFG.1 end Table #4.2h for CFG.2.

For each conficuration and each degrece of the large scale wall rcoughness

¥ b seems to be independent of D. It decreases, however, with increas-
ing r.. That is, while the incresse in P with in"”easing charge group

L N oY
seems to be indepsndent ol scale, it is smeller for larger valucs of wall
roughness.

From Table 4.2 it is seen that a, on ihe average, decreases with increas-

ing ry It 15 aleo seen that a decreases with inereasing D, end this de-
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o+

B
o
decreases with increasing r. and D, and that the decrease in Po iz larger

crease seems to be larger for larger values of r,. It follows tha
4

iy

for lerger values of z,. This iy consistent with the observations in

chapter 3.

Discussion of B

From Table b.1 it iz secn that B is nearly independent of g, indicating
that the attenuation of the front pressure on the platform is nearly

independent of q.

The equation

B = Db, + b,D+ b,r. Wb
1 2 31) ( b

is by linear regression fitted to the values of B. The resuliing valuves

of bl’ b2 and b, and the corresponding partial correlation coefficlients
o -t

are given in Teble 4.3a for CFG.1 end Table L.3b for CFG.2., All the

correlation coefficients are significant on & level e = 10%.

With the values of the b-parsmeters inserted in Equation (b.bh), we

chtain
B = .75 - 2.7T0D - 5.39 ro (4.5a)
for CFG.1, and

B

.
as

1.52 - 2,0L. D - 4,20 X (L.s5b)

for CFG.2.

We tried to include a term byr D in Equation {L.}%) to examine the inter-
action between roughness and scale. The resulting values of bh vere nega—
tive both for CFG.1 and CFG.2, but the correletion cocfficients were not

significant.,
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Dependence of B on scale

Thke first thing we notice 1is that B decreases when D increases; that is,
the attenuation of the front pressure is smaller in the larger scales.
We have observed that Po’ the front pressure in position N = 20, decreas=2s

with increasing scale. The situation can then be summarized as follows:

In the tube, the front pressure is larger in the larger scales, When the
shock wave propagaticn changes from one-dimensional to three-dimensionzl

in the tube ocutlet, there is a large pressure drop, and this pressure

drop is so much larger in the larger sceles that in position ¥ = 20 on

the platform, the front pressure is largest in the smallest scales. fis

the shock prepagates on the platform, however, the front pressure decreases
more in the smaller scales, until it eventually becomes smallest in the
sraller scales. This shows that the scale dependence of the mressure dropd
as the shock front passes through the tute outlet, is not due to & scale

dependent energy loss, but & scale dependent redistribution of energy.
Dependence of B on roughness

He see that B decreases vhen ry increases. The effect of the wall rough-
ness in the tube on the attenuation of the front precsure on the plat-
forn must be through its effect on the shape of the pressure-time profiisz
of the blast as this propagates through the tube. A smell attenuation
corresponds to a flat pressure-time profile. The effect of the roughness
in the tube must be to flatten the pressure time profile which again re-

sults in a smaller attenuation of the front pressure on the platform.

Results from front pressurzs measurements

2 3

As mentioned in chapter 2 the uncertainty in the calibration of the
pressure gauges is generally too great for the pressure measurements 1o
be used with confidence. For r. = 0 in CFG.l, however, the necessary

ad

corrections have been made, and the resulting values of the front prec-

sures are listed in Tebles kh.ha-c.

Equabtion (4.1) is fitied to these front pressure values, end the result-
ing values of PO and B, and the correlation coefficients, R, are also

listed in the Tables L. b,
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Equation (4.2) is fitted to the obtained veslues for Po’ and the results
are

G.0030 g

Po = 0,187 e with correlation R = 1,00

for scale 1:100,

00,0022 g

P, = 0.255 e wvith R = 0.99

for scale 2:;100, end

p = 0.p17 00027 2

5 with R = 0.98

for scale 3:100.

¥nen this is compared with the corresponding resulis from the front
pressures obtained from arrival time measurements, section .2, Table L.2,
it is seen to be a fair agreenent as far as attenuation is concerned,
However, the absolute values are appreciably lower,

As is the case for curve fitting based on front pressures obtained from
time measurements, B in Equation {L.1) is seen to be nearly indevendent
of q also in the curve fitting based on the measured front pressures.

The mean value of B in each scale in the latter case corresponds reason=-

ably well with the values in the former case,

FITTING OF EMPIRICAL EQUATIONS TO ARRIVAL TIME DATA

Tr. chapter b the measured arrival times were used to calculate the front
pressures, and a curve Titting procedure was performed on the frent pres—
sures. In this chapter the curve fitting will be performed on the mea-

gsured arrivel times directly.

Compariscn batween curve forms

have been fitted to the arrival times meesured in posi-

]
'Y
H
[¢2
4]
[V}
"
ko)
2
(6]
u:
]
[y
¢}
3
(o]

tions with N > 20 on the plsiform. The expressions are the following



12

2
(t-to) = sl(r&v?.o) + 52(1-:-20) + 63(11—20)3 (5l )
| R S N
P(i-20) = & (-t _} + A 1n {1 + 5 ) + D, (5.2)
‘C;to 1
D(N-20) = a (t~t ) + A {1n(l + =)} (5.2)
(0]

to is the arrivel time at position N = ZO, a is the speed of sound in

the undisturbed air ahend of the shock front. B,, B,. B v BO nd Do

2% 73? Ao

are fitting peremeters,

There is no physical reason for equation {5.1); it is cnly a fitting
ecuaticn., Eguaticns (5.2) and (5.3) have at least the proverty that the
shock veloecity approaches the velocity of sound, as time appreaches in-
finity. Expressions similar to equations (5.2) and (5.3) were, among
others, discussed for sphericel explosions in free air in & paper by

T K Groves at Suffield Experimental Station (4),

To decide which of these three expressions that give the best fit to the

measured arrival times, a method described by Dylewski in (5) is used.

Fer each shot the curve forms are Titted to the observed arrival times,
ar.d the square deviation S is calculated for all the three curves. Then
tre measured arrival times in the measurement siations nearest to the
tube cutlet are fitted to the data and the square deviation 8' is calcu-
leted for the three curve forms. In the same way the sguare deviastion 8"
for the fitting of the remaining arrival time measurements is celculated
fer the three expressions. The curve form giving the smallest value of

5/5'+8" is the best one by this criterion.

Tris has been done for each shot, For equation (5.2) this has been per-—
Tormed elsc with the parameter Do excluded. (In thiec case the expressicn
hag the property that L = Lo when f = to). The vresults when DO was ex-
cluded and when DO was included turned out to be equally gecd. Eech gave
the smallest value of S/5'+3"Y in about 50% of the shots.

g . . 3 - - . ¢ .
Ir. 80% of the shots equation (5.2) is a better it then egquation (5.1)

.

ard in 90%7 of the shots equation (5.2) is better than equation (5.3).

Trus, equation (5.2) turns cut to fit best to the olserved arrival times,
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We shall in the following secticns present the results of the fitting of
equation (5.2) to the data when the paramecter D0 ig included. In sections
5.5 to 5.7 the results from the fitting of equation (5.,1) to the data

will be preseunted.

Fitting of equation {(5.2) to the measured arrival tines

A{, Bo and Do have teen calculated for each shot, and listed in Talles 5.la
; /

and b. The values of & and 5/{8'+8") are also listed in this tsable.

From equation (5.2) the shock velocity is given by the eguation

U= &L oo, 4o (5.4)
at ) BO+(t~to5 )
ar.d the acceleration is
A
ac o
.‘ & = W ))2 (5.5)
o )

Ir. position L = 20, vhere t = to, the shock velocity exceeds the velocity
of sound with an zmount Ao/Bo’ and its retardation is RO = Ao/Boeh When

we shall study the dependence of the shock on scale, charge group and
r¢vghness, we chall take AO/Bo 8s a measure of the shock strength in posi-

tioﬁ N =20, and DRO to represent the attenuation of the shock.

Tre values of AO/BO and DRO are calculated Tor each shot. We shall in
tre following sections take the values of AO/BO and DRO frem each shot
and fit simple curve forms to them, in order to study their qualitative

behaviour.,

Discussion of A /B
o0

Dependence of Ao/Bo on g

The equation



5.3.2

5.3.3

1h

is fitted to the values ¢f Ao/Bo’ and the resulting values of 2, b and

et

G

the correlation cecefficient R are listed in Table 5.2 for (FG.1 and

43

eble 5.2b for CFG.2. b is positive, showing that the shock strength
in position N = 20 increases with increasing charge weight. b is seen
to decrease with increasing roughness. This is consistent with whst was
observed in section 4.2,

Figure 5.1 shows an exawmple on the dependence of AO/Bo on q.

Dependence of AO/BO on Ty

The equation

A

O

= a +brT (567)
o g
iz fitted to the values of AO/BO, and the results szre given in Table 5,.3n
for CFC.1 and in Table 5.3b for CIG.2. b is seen to be negative; that is,
tre shock strength at N = 20 decreases with increasing roughness. This

decresse is larger for the larger charge groups.

Trese results arz similer to those obteined in section 4.2, Some examples

or: the dependence of AO/BO on v_ are showa in Figure 5.2,

L
Dependence of A /B on D
o' o
Tre equation
&
F- S &+ 0D {5%8)
o

is fitted to the wvalues of A /BO. The results are given in Table 5.hs

0
fcr CFG.1 and Table 5.4b in CFG.2, As in section 4.2, @ tendency of the

- shock strength at N = 20 to decresse with increasing scale is observed,

(t < 0 in 29 of 33 cases). This tendeacy secms to be stronger for the
larger charge groups. It is difficult, however, in this cese to see oy

dependence of b on Xy

Figure 5.3 shovws sone examples on the dependence AO/BO on D,
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Discussion of DR
=

2
DRO = D AO/B0 1s taken to represent the decay 1in the shock strengin
z3 the blast prcragates over the platform. The dependence of DRC on
S

charge group, wall roughness in the tube and scezle will now be discussed.,
Dependence of DRO on ¢

The equaticn

is fitted to the values of DROo The results are listed in Table 5.5a for

CFG.l and Table 5.5% for CFG.2.

In section 4.3 the attenuation of the front pressure was found to be
nearly indepeadent of ¢, From Table 5.5 it is seen, on the contrary,
that b > 0 in 14 of 18 cases, indicating that the decay in the shock
strength increasee with increasing charge group. Howecver, no systematic

dependence of this inerease on wall roughness and scale is cobserved,
Figure 5.4 ghows an example on the dependence of DRo on q.
Dependence of DR oa r,
o L
The results from fitting the equation
DR, = a+ brp (5.10)
to the values of DR are given in Table 5.6a for CFC.1l and Table 5.6b

for CFG.2, In 30 of 32 cases b is found to be negative indicating ithat

the decay in shock strength is smeller for the larger values of wall

1,

roughness. This effect was also observed in section 4.3,

b is seen to deeresse with increasing charpge group. It then follews that
the effect of smeller abtenuation of the shock with increasing roughness,

is larger for larger chorge groups.

Figure 5.5 shovs some examples on the dependence of DR on r. .
4 E
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Dependence of DRO on D

o

The eguation

DR, = &+ bD (5nd0)
is fitted to the values of DR_. The results are given in Table 5.7a for
CFG.1l and Teble 5.7b for CF¥G.2. In 3C of 33 cases b is negative, This
shows that the decay of the shock strength decreases with increasing
seale., The similar result was obtained in section 4.3,
b seems to decrease with increasing charpge group, It means the decreasze
cf the attenuation with increasing scale iz larger for larger charge

geoups. The tendency here, however, is weak.

Some cxamples of the dependence of DRo on D are shown in Figure 5.6.

Fitting of equation (5.1) to the measured arrival times

We shall also briefly present the results from the fitting of eguation
(5.1) to the measured arrival times. Ty in equation (5.1) is tsken to
bz the measured arrival tiwme in position W = 20, From equation (5.1) the

valoeity of the shock front is given by

ax

= = r ~ o] \?- =1 -
U D 5 = D(8,+28,(N-20) + 38,(N-20)") (5.12)
and its acceleration is

S n(e, 28, {H-20) + 38, (W-20)7) {28,466, (¥-20)) (5.13)

an Bl "-hs S S T e D
The shock veloeity at W = 20 is then

UO = %‘: (5ol
and the retardation is

EDB?
R, = ¥FEE= (5nd5)

(o)
By
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Since our main interest now is to compare the recults from the fitting
of eguation (5.1) to the measured afrival times with the results fronm
the fitting of equation (5.2}, we shall concentrete the discussion on
UO and the "scaled" retardation in ¥ = 20, DRO. Iv must bte borne iu
mind, however, that there is an additlional parameter 83.

The values of Uo’ DRo and 8. are given in Table 5.8a for CFG.1 and
Table 5.8b for CFG.2.

3

D.scussion of U
U
Dependence of Uo on g

The equation

U = a e' (5.16)

is fitted 1o the values of Uo’ and the results are listed in Table 5.Ya
for CFG.,1 and Table 5.9b for CFG.2. As in section 5.3.1 b iz found to
be positive, and it has a tendency to decrease with increasing wall rough-

ness and scale.

Dependence of Uo on T

The equation

U, = a+brp (5ol

is fitted to the values of U0 and the results arc given in Tables 5.1C.
b is found to be negative, and it has larger negative values for larger
charge groups.

The results sre similar to those observed in section 5.3.2.

m

Dependence of UO on D

The results from fittine the equation
~ -

<
8
o
13
oy
o
A
i~
Co
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to the values of Uo are 1

33 cases, s0 the tendency of the shock strength in I = 20 to decrease

in Tobles 5.1k, b is negative in 23 of

with increasing scale is observed aleo in this case. As in section 5.3.2

this tendency seems to ve stronger for larger charge groups.

Discussion of DR
L

ot

Dependence of DR0 on q

Equation (5.9) is fitted to the values of DRO and thz resulte are listed
in Tables 5.12. As in section S.4.1 a wealk tendency of DRO 0 increase
with inecreasing charge group is observed. It iz difficult to see any

systematic dependence of this increase on sceles and roughness.

Dependence of DRO ou rL
Fquation (5.1C) is fitted toc the values of DRo’ and the results are
listed in Tables 5.13. DRO is found to decrease with increasing o Just
as in section 5.4,2. A weak tendency of this decrecse to become larger

for larger charge weights is also observed, while it is difficult to find

any dependence ou D,
Dependence of DRo on D

AY last, equation (5.11) is fitted to the values of DRO, and from the
results, listed in Tables 5.1k, DRO Goes not, as in section 5.4.3, show
any tendency to decreese with incfeasing scale. This difference is due

to the additional fitting parsmeter 83 in Equation (5.,1). When the scale-~
dependence of this parameter is taken into account, the retardation of
the shock front, and hence the atteavation of the front pressure, is

found to decrease vwith inecreasing scale.
Snmmary
In this and the preceeding chapter several curve Titting proccdures were

verfermed to interpret the srrival time neasuvrements. They give ell the

sane qualtitative rezults. This essures that the conclusions are not only
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resulting from the curve fitting procedures used, dbul reveal the physical

content of the data.

Tre main results can be sumparized as follows: At the beginning of the
platform (N = 20), the front pressure increases with increasing charge
group, and decreases with increasing scale and roughness. The attenuastion
of the front pressure, hovever, also decreases with increasing scale and

roughness.

THE 50 mbar LIMIT

Determinstion of the 50 mbar 1limit

It is of interest to find the distance from the tube cutlet in which the
front pressure falls below e certain vslue, for example 50 mbar. Since
equation (5.2) pgives the best fit to the measured arrival times, %this

will be used to determine the 50 mbar limit.

By use of equation (5.2) and the Rankine-Hugenoit equation, tbe 50 mbar

limit is found t¢ be expressed as

o]

e b
0 0

) + D) (6.1)

. Loy - (
x = 20 + D{W-S Ajma B A In (47,8 o

x mesasures the distance in number of tube diameters. The values of x

ostained by Equation {6.1) are listed in Table 6.1 for the different

charge groups, degrees of wall roughness and scales.

Discussion of x

Dapendence of x on ¢ .

The equation

-

0

X = &aq (6.2)
is fitted to the values of x, and the resulis are given in Table €.2a for
CiC.1 and Table 6.2bh for CFE.2. All the values of b are found to be be-



6.2.2

N
w

20
tween O and 1, i e, sbout 0.4 for CFG.L end 0.5 for CFC.2, showing that
%X increases with incressing g. Figure 6.1 shows an exzmple on the

dependence of x on Q.

It is difficult to find any dependence of b on D and r._.

L
Dependence ¢f x on Ty
The equetion
X = &a =+ brL (6.3)

is fitted to the values of x, snd the results are given in Table £.3.
b is found to be negative in 26 of 33 cases, indicating that x decreases
with increasing roughness in the tube. The decrease seems to be larger

for the larger charge groups.

As discuss2d in the preceeding chapters, the effect of the wall rough-
ness in the tube is to flatten the pressure-time profile of the blast.
This leads to smaller values of the front pressure at the beginning of

the platform in the cases of large roughness, but also to swaller attenua-
tion of the front pressure as the shock propapgates over the platform.

For the 50 mbar limit the effect of the roughnesc still is to give smal-

ler values of x with larger degrees of roughness.

Tn Figure 6.2 are shovwn some examples on the derendence of x on r_.

"L
Dependence of x on D
Tae equation
X = &+ bD {6.4)

i3 fitted to the values of x. The results are listed in Tables 5.k,

b is positive in 26 of 33 cases, showing that the distance to the voint
waere the pressure falls below 50 mbar increases with increasing scale.
b > 0 in 24 of 33 case:z iz & relative weak tendency. This is probdably
dze to the effect of the tube outlet., The front pressure in position

¥ = 20 on the platform was found to decrease with increasing scale. The

attenuntion »f the frouvt pressure as the shock propagates over the plat-
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form, was, howsver, also found to Gecrease with increasing scale, so thas
fer larger valuee of N increasing front pressure with inereasing scale

ig observed. The value of ¥ for wnich this occurs, will depend on tne
preseure~time profile of the blast, but no systematic analysis of this

has been performed.

Figure 6.3 shows some examples on the dependence of x on D.

CCMPARISON WITE FOLL SCALE TESTS

We shall briefly compare the results obtained in Norwegian full scale
tests at Ravfoss and Storfosen with the present model tests. The Raufoss
srd Storfosen experiments arc descrived in (6) and (7), respectively.
Trere are large differences both in charge groups used and in geometry
between these full scale tests and the model experiments. This makes a
direct comparison difficult. Except for one. shot, where a direct compari-
scn is performed, ve have therefore only taken the front pressures ob-
teined in the Raufose- and Storfosen shots and fitted equation (4.1) to
tkem. The resnlts are given in Table T7.1l. The curve fitting is based on
measurenents in 2, 4 or 5 positionz cutside the tunnel outlet, N being

between 10 and 80,

The tunnel diameter at Raufoss is D = 2.65 n, corresponding to scale
53:100. At Storfosen 2 tunnels were used. Both tunnels had bends, and in
bath tunnels the dismeter changed. Ve shall associate a diameter D =
2.85 m to the one and o diameter D = I m to the other, corresponding to
scales 57:100 and £C:100, respectively.

In the discussioh in section b.3 the attenuation R wzs found to decrease
7ith increasing scale. By comparing the values of B from the full scale
cese in Table 7.1 with the values of B from the model tests in Tablez h.1,
the attenuation in the full scale tests is of the seme order of magni-
tude or somewhat smaller, This may be due to the different values of
charge group ¢, although in seztion L.3. B was found to be nearly in-

devendent of 4.

By comparing the values ol Pb from Table 7.1 with the valuze of PC from



Table b.1, PO iz found to be smaller in the full scale tests. This is

reasonable, since the cherge groups are smeller in the full scale tests,

As mentioned there are several important differences between these full
scale experiments end the model tests, and this makes a direct comparison
difficult. It is shot no 9 from Raufoss wnich is best suited for a direct
comparison, and even in this case the differences asre large., The charge

weight in this shot is @ = 1000 kg, corresponding %o charge group

8
q = 53.7 kg/mj, The pressure as a function of distance from the tunnel
outlet is shown in Tigure T7.l. The Raufoss tunnel is closed in one end
as our CFG.2, and the charge is detonated in the tunnel, as in our CFG.lL.
The Raufoss shot should then e compared with shots with charge group
2x53.7 kg/m3 = 107 kg/m3 in CFG.] in our model tests. We have not usaed

exactly this charge group, dbut a comparison can be performed by inter-

polation from the shots with q = 80 kg/m3 and q = 160 kg/mB. The result-
ing pressures as function of distance frem tube outlet for scales 1:100,
2:100 and 3:100 are also shewn in Figure T7.1l. It 1s assumed that r. =
0,05 is the wall rouvghness which best corresponds to the roughness in

the Ravfoss tunnel.

As is seen in Figure 7.1, that while the pressure increases with increas-
ing scale in the model tests, the pressure is much lower in the Raufoss

shot.,

T+ seems reasonable 1o explain this deviation between the model testis
and the Raufoss shot by the larger differences betwesn the Tull scale

case and the mcdels, of which the most important are:

- A possibly larger large-scale and small-scale roughness in the rock
tunrnel at Raufoss

- Vegetaticn and irre ularities in the terrain might be of greater
St O
1mpoer tence than 1 1‘1"6[{’_“._11&1‘ ities on the ple.‘t form

-~ There is a zide~chamber and a bend in the Keufoss tunnel
- Energy in the blast wave is used for evaporation of water in the tunnel

- tn the models there are & vertical steel plate above the Tube outlet, .
while at Raufoss the hill atove the tunnel is not very steep

~ The tunnel length at Reufoss is only 3% tunnel diameters; the effect
of this, however, should be in the opposite directicn
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CONCLUSIONE
Fer* the measurements in the tube section & deviation from the scaling
lews was observed (1). It was seen that the front pressure increased

with increasing scale, meinly duve to the fact that the attenuvation of

the front pressure decreased with increzsing scale,

In chapter 3 of the present report the tute outlet was seen to have the
effect of reversing this deviation; at the first measurement stations
after the tube outlet the front pressure decressed with increasing scale.
In other wvords, there is a larger prescure drop in the lerger scales,
vhen the shock propegetion changes from one-dimensional in the tube to
three~dimensional on the platform. This effect waz seen to depend on the
well roughness in the tube, indicating that the pressure-time profile

of the blast is of importance for the magnitude of the elfect.

The effect does not seenm te »result from e scale deperndent loss of energy
in the tube outlet, but rather from a scale dependent redistribution of
energy. The attenuation of the front pressure as the shock propagates
over the platform is smaller in the larger scales, and at sufficiently
lerge distances from the tube outlet the front pressure increases wit
increasing scale. This effect makes it difficult to extrapolate the

scale dependence of the 50 mbar-limit, for example, 1o large scales.

Ir chapters b and 5 where the dependence of the attenuation of the front
pregsure and the front pressure in position N = 20 on scale, charge group
er.d roughness was studied, the attenuation was Tound to depend on the
roughness in the tube. This egain shows the importance of the whole pres-

sure-time history Zor describing the blast.

The time freme of this project has not made a study of the pressure-time

profiles possible, although they are recorded,

fy

[

In sunmary, 8 relstive complicsated dependence of the shock strength on
scale is observed. This supperts the conclusion in (1), that the simple

scaling laws must be used with greazt care.
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CFG.1
g (kgm™>)
B{m) f ae 169 245 320 138 E40
0 .11 3.47 814 £.33 1.64 8.50
G0k 8.03 G.66 1.i¢ 1.47 1.56 2.01 2.58
6.06 051 n.72 0.74 1.03 125 |
0 .41 2.52 481 %.42 8.90 €.37
0.10 0.03 0.44 1.03 1.62 t.16 1.78 212
C.06 0.37 0.47 0.46 0.64 0.c1 £.8%
t 1.31 1.52 n 3.77 4.1 5.48
015 0.63 6.48 4.57 0.75 0.95 1.18 1.46
0.06 0.39 0.39 a.4c 0.56 0.58 077 .
Table 3.1z  Front pressure (bar) at position H = 10
CFG.2 .
\ a (kgm_s) &0 160 240 320 480 640
0(m) L
S
0 1.92 312 4,61 4.67 6.79 6.71
0.65 0.03 0.4% 6.20 1.56 1.97 2.05
0.C6 0.21 0.19 0.62 0.438 0.83 113
G .61 212 2.77 3.57 3.36
0.10 0.03 0.42 0.70 1.01 1.61 1.4%
0.06 8.28 8.42 0.68 0.67 0.c¢
0 i1 i.ta 272 3.7¢ 465
0.15 0.03 643 063 .17 G.83 1.01
G.0G 6.72 0.35 6.5 .51 .58 l
Table 3.1b  Front pressure (bar) at positicn I = 10




CFG.1
D (m) 0.05 0.10 0.15
" T
33 ] 0.03 0,06 ] 0.63 R ] 0.03 0.05
, g (kgm™°)
| 80 14.81 15.83 17.36 21.45 21.45G 26.14  30.12 23.59
160 13.02 12.55 17.62 16.67 8.4 21.32 25.18 25.G0 25.60
240 12.27 14.01 15.47 17.08 5.1 21.17 16.85 2486 27.53
320 10.65 1438 15.06 16.38 18.86 21.42 16542 24860  28.97
i 480 2.78 14.65 13.75 11.20 14.63 18.79 14.65 26.03 32.52
649 7.89 11.93 13.11 10.05 14.80 1L.15 1253  22.62 25.52
Tavle 3.2 Values of v
CFG.1 y=a-thDd
r 0 0.03 0.06
q (kgm™) a b R a b R a b i
80 8.41 1333 0.95 8.18 142.9 £.93 1682 458 =065 missing
160 580 121.6 0.35 548 1305 1.00 12.87 69.8 .99
240 10.81 15,9 0.85 .42 {08l 1.00 9.33 1266 1.00
320 .38 417 0.78 9.06 102.2 1.00 7.91 13441 1.0
480 5.54  GG.7 8.39 7.08  113.8 9.87 2932 1817 0.97
G&l B.i2 484 1.6 576 1069 0.87 85 1341 0.09
Table 3.3 Devnendence of v on D




p=py( Ly

CFG.1 =0 ry = 0.3 = 0.08

G D Py b £ 75 L B Py B R
005 | 0454 1725  0C8 | 0250 1347 996 | 0246 1319 096

g0 | oi0 | 0272 540 08z | 0446 0963 066 | 0475 1989 052
0.15 0.321 1.362 6.8 6.253  1.196 0.83 0.153 0.85¢0 0.61
605 | 053 1376 688 | 0200 1156 €97 | 0286 1442 086

160 | 040 | 053 1634 0 | 0282 1061 085 | 0219 1034 06
045 | 0521 1404 0S5 | 0249 1501 077 | 0206 G663 000
Cus | 061t 1443 093 | 0504 1471 09 | 0428 1423 087

24 | 040 | 0555 1562 008 | 033 141t 084 | 0267 13711 082
015 | 0678 1376 085 | 0362 1145 083 | 0283 0913 09
005 | 6oz 1555 099 | 0586 157 090 | GEB4 1786 045

323 | 040 | 0722 1400 097 | 0515 1420 095 | 0416 1276 088
615 | 0745 1435 088 | 0456 1305 095 | 033 1077 085
005 | 1363 1664 093 | 0866 1389 037 | 042 1245 099

480 | 010 | 0241 1351 698 | 0840 1155 098 | 056 1240 07
015 | 1270 1738 088 | 0852 1176 085 | 03%8 1105 087
005 | 1680 1763 089 | 0646 1327 097 | 067F 1891 095

640 | 010 | 9.330 157 098 | 0588 1226 084 | 0565 1366 09
015 | 1389 1660 039 | 0666 1205 G698

Table h.1la

Curve fitting on front vressures obtained from arrival

time measurcments
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n,8
P= PO( 20)
CFG.2 = = 0.03 r =008
q 3] Pa b 3 Po B R 'Du B B
.05 0.35% 1.405 0.63 e.217 1.255 (.89 0.372  1.6E4 5.58
80 | 6.1C 0.385  1.506 0.34 g.188  1.180 0.68 8.14i 1.281 Q.71
0.15 | 0338  1.448 .87 0.154  0.663 n.62 0227  1.092 0.88
C.05 0.538 1501 £.97 0.355  1.039 .85 0.254 08973 0.56
169 | 8.10 0.432  1.263 8.21 €.216  0.609 0.45 9312 1217 (.91
0.15 6.8578  1.570 1.69 0276  0.877 0.83 0.24% 0612 £.62
6.05 0.64% 1.378 .92 0.326  0.892 .68
24p ; 0.10 §6.579 1134 0.08 0.313 0876 6.56 2478 1188 0.94
0.15 0.616 .30 0.97 8.327 G.945 0.94 0.333 0.884 G.85
0.05 6.623 1.324 0.99 0.631 1.521 0.95 0.353  6.B83 0.65
320 | 0.10 0.662 1173 0.85 0,388 1184 .93 0.590 1387 ¢.97
0.15 0.707 1,185 0.98 0434  1.128 0.59 £.382 1.308 G.33
0.05 1.636  1.817 0.99 C.630  1.358 0.96 £.583  i.283 6.95
480 | 0.16 1.023 1.273 0.99 0.642  1.267 0.95 0.603  1.238 0.94
G.15 1.68% 1318 g.98 0493  1.681 0.58 £.494  1.308 0.96
0.05 2576 1.660 6.08 0.662  1.155 0.87 0.551 1.213 6.95
643 | 010 1579 1.521 1.66
0.15

Table b,

Jb -

Curve fitting on front pressures obteined from arrival

tine measurementy
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. b

I‘u =ae !

(a) {h}

CFGA £rG.2

q 1] a h A 2 h R
0.05 0.367 0.6026 0.99 0.222 0.003 0.99

0 G.10 0.350 {.0021 0.98 £.302 0.0026 1.00
0.i% 0.317 8.0028 0.97 0.247 1.0024 0.98
0.05 0.270 0.6016 6.87 1.307 0.0815 0.88

¢.03 0.10 0.179 9.6023 0.87 - 0.142 0.0031 0.9
0.15 0.216 0.0019 0.96 0.162 5.0026 0.53
0.05 0.243 0.6016 0.85 0.277 0.6011 0.83

0e6 0.10 0.157 0.0024 0.56 0.186 0.0620 0.85
0.15 0.146 0.0024 .90 0.191 0.0020 0.93

Table 4,2 Dependence of P on g
B= bl +b20 +b3 l'L
CFG.1
(a) i 1 2 3

h 1.75 -2.70 -535
i 0.68 0.75

CFG.2

(h) i 1 2 3

hi 1.52 ~2.01 -a4.2¢
Ri 0.50 0.63

Table 4.3 Dependence of B on D and r.
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CFG.1 1= 6.65 fiy| ¥ 4
\

i \\\ 8C 160 Ztm-.. E¥AN as0 c4q
20.6 0.227 0.267 £.h21 £.538 £.80%h 1.354%
30.8 6.139 0.165 0.228 0.224 0.481 0.604
46.8 6.c89 0.120 0.933 n1s7 6,276 5.402
50.8 i C.055 0.088 {.086 0.082 9.252
70.9 C.017 3.045 g.660 2,478 0.105 a.1z8
€09 0.032
83.0 2.039 C.047 0058 0.082 0.056

107.0 G.018 :

111.0 6.023 0.678 0.033 i.0655 4.058

! 119.0 0.617

131.0 (HO ] 4 0.625 3.0z1 1.043 0.045

141.0 0.021 9.018 0.04¢2 0.054

161.0 \ 0.021 0.023 0.031 0.638 0.054 0.057

P=P (35
i Po 0.227 0.306 0.418 0455— 0.651 1.245
i B 1.375 1.448 1.453 1.510 1.504 1.650
| m 0.93 0.97 0.83 0.97 .99 0.99
!
Tadle L.ha  Meesured front pressures (ber) znd results

from

fitting

of eq (4.1) to thes

T
&
o

-

nressures
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CrE.1 D=6A0 1y =0
. 4 89 160 248 370 480 540
204 0.256 0373 8418 0.530 £.772 0.065
75.4 £.126 6.23% (.22 0.565
29.4 0.124 0148 0.221 0.263 1,353 0.752
36.45 4414 165 0.177
40.45 0.075 0.127 ¢.175 0.175 0.304 £.259
145 0.07¢ 0.114
50.5 0.067 0.052 0.074 0.112 0.135 0.176
50.5 0.044 0.659 0.062 | 0432 0.181 0179
70.5 0.030 1.936 0.043 0.054 0.678 0.630
8.5 0025 0.032 0.044 0.676 2.093 £.023
89.9 6.042 0.052 0.066 0.092
09.0 2.032 0.038 0.054 0.653
100.9 6.038 0.050 0.055
119.8 0.031 6.041 0.043
120.9 0.023 £.631
139.9 0.025 0.031 0.033
145.3 0.026 0.030
15¢.9 0.022
166.8 0.025 0.030

P po(g—i,;'“

B, l 0.270 6.601 0.440 ! 0.545 6.774 1.668
3 I 1.665 o 211 1.662 ; 1579 1.536 1.733
R | oS i £.98 8.99 E 0.04 6.93 2.89

Table h.hb  Measured front pressures {bar) snd results ifrom fitting

o«
o

of eq (4.1} to these pressures




CFG.1 B=015 r =8
q
’ §0 160 246 320 460 640
~ =

201 0.255 0.408 .506 0.638 0.737
23.93 0.131 £.250 0.312 0.752
26.77 0153 0.218 0.242 n3zo .433 4.834

} 33.93 t.078 0.135 0.162 0.226 0.333 0.645
40.73 0.075 C.ust 0.130 0.168 0.255
46.8 0.077 c.6et 0.145 0.208
54.63 0.628 0.037 0.076 4.102 8113
sa.17 0.114
66.4 0.0%3 u.084 0,087 3.682 g.121
73.07 8.127
79.73 0.030 0.046 0.650 0.6a2 0.067
86.4 0.662
§3.03 0.033 0.041 0.051
59.7 €053
106.33 06.063
112.97 0.063

p=p Ly

Py 0.225 0.333 0.413 0.5823 0.735 0.928
B 1.551 1.681 1.694 1.681 1.625 1.75¢
3 5.94 0.95 0.98 1.0 0.08 048

Measured frent pressures (bar

e 7 g "
of eq (I.1) to these pressurcs
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h‘T

A .
CFG.1 -h—“- = gl
G
!'L 2 (m,‘ a b} B
0.05 0.0530 0.00258 8.36
0 £.10 0.0514 0.00223 0.7
015 0.0453 0.00218 0.95
0.05 0.0337 0.00167 0.29
0.93 0.i0 0.0244 0.00248 0.80
6.15 0.0317 0.00165 6.5
0.05 0.0568 0.06976 052
£.05 0.10 0.6237 0.60271 0.83
6,15 0.0247 0.00163 0.89

Table 5.2a

Dependence of Aolgb on g

A
CFG.2 o el
o
. D{ris} a b R
0.05 0.0539 0.00254 n.az
0 0.10 0.0550 0.00160 an
0.15 0.0552 0.00176 0.62
0.05 0.0502 6.00081 0.72
0.03 0.1G 0.0224 0.00155 0.57
0.1% {.0233 6.00142 0.96
£.0% 0.0537 0.00556 0.57
0.05 0.10 0.024¢ 0.60400 .84
0.15 0.0328 0.06131 0.24
i
‘on g

Table 5.2b  Dependence on AOZEL
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CFG.1 DR, =aed

L Bim) g b B
0.c5 0.06144 £.00361 0.2%

0 C.10 0.00200 0.00269 G.87
0.18 0.00157 06.00300 0.0z
6.05 0.00687 0.00205 272

0.03 0.70 6.06843 0.60323 078
0.15 0.0GN51 0.00250 6.85
0.05 $.00253 0.06003 0.¢1

£.06 0.10 9.06641 0.60584 6.73
0.8 0.00633 0.00218 6.67

|
Table 5.52  Dependence of DR on g

CFG.2 D no=aebq

L D(m) a b R
0.0 0.00203 0.00233 0.82

0 0.10 0.00262 -0.00066 0.16
0.15 0.00245 0.00049 0.23
0.05 0.00212 -0.08022 8.1z

0.03 0.10 0.000%1 --0.00179 0.34
0.15 0.00046 6.09734 0.70
0.05 0.00237  --L.00C45 0.2%

.06 0.10 0.04087 0.00391 0.59
C.15 0.00044 8.65171 0.58

Table 5.5b

Dependence of DR _on

o
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5.1 0= 5.05 1= 0,19 p-tis |
0 " ¢ 6oz om 2 663 005 § 003 066
- B |
U, 54014 02715 02773 | 04161 £3738 03810 | 05822 03838 £.2622
80 DR, | 0775 0495 L2505 1550 0520 D840 1.055 1,385 1.065
& 13 -016  -0.33 -851 -3.68 -5.88 -840 1948 -21.29
B, 04069 03871 03087 | 04333 03833 03042 | 64036 63324 03876
10 | DR, | 0635 0380 0200 2040 0450 0779 0530 0360 810 |
e ~087 055 0354 -0.9%  -156 -4.38 ~746 -1231 -10.07 E
— |
U, 4179 03947 04963 | 04290 02811 03967 | 04035 03578 02596 |
248 | DR, | 094 0510  0.475 1000 0450 1.170 o525 N8BS 0705 |
B, -129 -072 -0.52 -2.35 -152 552 -155 -R25 -7.94
U, 04260 GA6T3 04024 | 04285 03991 03818 | 04282 04625 03877
220 | DR, | 0930 0555 .30 1420 0579 0.460 149 0795 0030 |
B3 105 -071  -007 -331 176 -1.25 70p 38 -583 |
U, 0.4681 G495 03902 | 04416 04029 03952 | 04667 04436 0.3071
460 | D-R, | 1705 0650 0515 1036 0536 0480 1920 3645 0480
i ~1488  —0.85 —0.67 198 -138 -1.2% ~7.25 3228 -2.04
U, 04148 00138 | 04621 04071 03928 | 04974 04120 0.2055
646 | DR, 0720 0740 1210 0.640  0.460 3030 089C  0.5h%
A -0.86  -0.01 ~171  -158 -1.22 -9.07 -5.87 -3.19

Table 5.8a Results from fitting of eg {5.1) to the

measured arrival times

D-R, is multiplied by 163 and B, by 108




CFG.2 D = 0.9 =018 b= 0.15
q n: G 502 £.45 0 0.03 0.0@ 0 0.63 0.03 ?
Uo 0.3310 0.3865 0.39%C 0.4165 0.3837 0.3337 0.3854 4.3725
30 D-BO 0.530 0.400  0.77% 1.820 1603  0.300 0.663 (.525 |
Bs -7 -0.59 -1.51 =921 722 =875 ~4.08 -6.15
U, £.4042  0.3287 0.2973 0.4CED £.2632  0.3022 64021 03316 0.2755
169 2R, (L6R5 0.36¢ 0.520 0783 1118 €760 1.68¢  0.84% 6.205 l
[i -0.83 =051 =078 =237 =737 -i.62 =863 -13714 =070 :
Uo .4162 03708 0.4006 0.4525 62788 0.8677 0.4138 0.3740 i
240 D-R, 0.765 0340  0.540 1.200 €270  0.79C 1.365 0425 }
B3 -091 -0.53 -0.69 -3.08 085 -ZG¥ ~6.86 -2.5u §
U(1 0.42383 C.4008 0.2380 04209  0.2837  0.4026 04107 0336y G.3850 E
320 bR, 1.645 G.53%  0£.590 €.670  0.330  Q.ks0 0.915 0.530  .4865 i
B3 -1.04 -8.69 -0.89 -145 084 —-156 -456 -493 -4 %
U0 0.4853 0.4122 {(.4205 €.4363 (03952 0.3963 0.4381 0.2879 0.3894
488 D-R, 1.925 0.640 0775 0.368  0.453 3.45¢ 1.305 0.510  0.675 %
Bs -1.41 =077 -0.52 -1.79 -119 -1.15 -486 -287 -398Z
U(l 0.5425 0.4124 0.4202 C.4€50
649 D-RD 3.556 0678  0.665 1.460
B3 -1.95 =072 -032 -2.26
Table 5.8b Results from fitting of eq (5.1) to =ie
measured arrival times
D'R,_is multiplied by 103 and B by 108



‘J .
A h

= ..
CFG.A Uc~a-c
1]
n D{m) a b R
0.05 03330 0008283 0.87
0 0.10 0.4116 0.060154 0.91
£.15 0.2594 0,000156 £.98
6.05 0.3743 n.080172 053
0.03 0.i0 0.3772 0.000134 0.9i
0.5 02663 0.0051%4 0.68
0.05 0.3791 0000136 0.21
0.06 0.16 0.3322 €.000051 0.59
1
0.15 0.3821 0.020041° 5.80.
Teble 5.9a  Dependence cf Uo_pn q
CFG.2 U, =aed
fiL D(m) a b P
0.05 0.3567 0.000593 0.99
i) 0.10 0.4020 0.006204 0.29
0.16 0.3809 8.000286 0.96
0.05 0.3768 6006166 0.39
0.03 0.10 1.3853 0.000029 9.25
0.15 03757  0.000067 278
0.05 0.3930 0.080715 0.94
0.06 0.i0 0.3888 0.000976 0.58
0.i5 £.3631 0.000122 0.52

Table 5,91

Dependence of U

GRE g

~




CF&a.1 g = "T.;:r CFG.2 canw,é:.

Q
|
8im} g (kg™ | a b R . D/m} q {kem™3) 2 b 8
80 0.3255 -407.7 0.76 €0 £.3252 143.3 0.65
180 04033 -303.3 .22 160 | 04003 -118.7 045
249 14128 --360.0 0.83 249 £.L264 253.3 4.42
0.65 0.05
320 0.4217 ~393.3 0.5 320 0.5396 -438.3 0.74
489 0.4589 -1153.3 0.81 289 04717 -1230.8 8.84
640 0.4142 -6.67 1=0 mising a0 | 05215 -2038.3 9.86
86 8.£079 ~385.5 0.78 20 1 04127 --516.7 0.93
{€0 04268 -818.3 6.91 150 0.403% -2133 8.80
- 243 6.4151 ~605.0 0.76 - 244 2418 ~433.3 8.25
325 £.4765 -778.3 0.£9 320 0.4115 -301.7 0.49
30 6.4364 -7733 0.93 289 00359 -575.0 0.35 i
64y 04553  -1153.3 0.95 649 |
eg 0.3264 0 i , gg ! 03854 -231.7 r = 8.03 missing
160 0.4029 -2587 695 160 0.3336 ~4367 £.85
Wil 240 £.4050 _235.9 0.8 249 64133 —11633 1z =0.06 missing
320 6.4234 —-§03.3 0.98 nI8 320 8.4463 -378.3 5.83
2as N 467G —1226.7 a3 436 0.4285 -811.7 0.55
640 0.4252 -1785.7 0.24 m ! 540
Tabie 5.10a Dependence of dr.. on ro | Table 5,100 Devendence of U on r
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EFG.1 R,D = a- 2l
. |
L B{n:} a b 1]
X18°
0.05 G.50 0.30211 0.21
e 8.10 1.61 --0.00071 0.53
i.15 0.51 0.00233 0.20
0.05 g.24 0.95202 G.85
0.03 2,10 0.4¢ £.00945 8.74
8.15 £.,95 6.00067 0.75
.05 0.30 {L.00148 .87
0.48 .10 .98 --8.00138 0.57
0.15 1.00 -0.83115 (.88
Table 12a

Dependence of DR on
3 5 %

CFG.2 R0 =2e
fy B(m) a3 h R
Xi

0.05 0.35 0.09342 £.99

9 0.16 1.03 £.00210 0.05
0.15 6.53 £.G2054 0.59
0.05 £.32 £.00120 8.87

£.03 0.19 1.01 ~6.50247 0.55
C.15 £.82 ~5.00130 0.53 ‘:
£.05 0.62 £.00015 0.23 I

£.96 C.i0 1.01 ~6.06166 0.94
0.15 0.25 5.00116 0.57

Table 5.120

Dependence of DR on g
A
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CFG.3 X = aqh
. D} 2 k R
0.05 13.34 0.41 0.94
0 010 12.23 343 0.98
0.15 14.85 0.40 6.07
0.05 14,54 2.3 092
003 010 .95 045 0.80
6.15 20.81 £.31 0.4
0.05 13.00 0.35 0.92
6.0 8.0 12.32 0.49 0.05
045 15.77 0.3% 0.85
Table 6.2a Dependence of X an q
CFG.2 Y=ag"
L B{in) 2 b ]
0.05 6.6 0.57 0.5
0 0.10 6.03 6.60 0.86
0.15 £47 0.61 0.96
0.05 10.18 6.04 0.83
6.03 010 2.72 0.73 0.75
0135 11.94 045 281
095 | 1228 6.40 0.52
6.0 2.18 2.64 0.76 2.87
0.15 50.30 n320 0.6

Pabvle 6.2b

Dependence of X on g
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3

No of easuie

ment pasitions

oim seae @ gl it
STORFOSEN 400 880 724 113 2
STORFOSEN 4060 85400 2753 5.88 §
STORFOSEN 285  E7:108 9513 6.9 2
STORFOSEN 285 57100 3025 1247 2
STORFOSEN 285 57:100 1485 64.1 2
RAUFDSS 265 5103 130 537 4
RAUFOSS 265 5250 306 1642 2
RAUFOSS ™ 265 53100 1060 637 3
RAUFOSS * 265  53.100 53.7 3

100¢

0.024
0.687
6.023
0.053
£.140
6.033
0.958
0.096

4.085

£.934
1.073
1315

1.13¢

* The charges are placed at different distances from the ctesed end of the tunnel.

Table T.1

Results from some Norwegian full scale testes




