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iriVESTIGATION OF UNDERGROUND EXPLOSIONS WITH MODEL TESTS 

Measurements on the platform 

SUMMARY 

Model tests in three scales were undertaken to examine if 
simple scaling lavs can be used to investigate underground 
explosion?. Charges were detonated in steel tubes, and pressures 
and arrival times were measured in the tube and on a platform. 
The objective of the tests is described in more detail in (l)., 
which also describes the results from the measurements in the 
tube. 

This report describes the results from the measurements on the 
platform. As for the measurements in the tube, a deviation from 
the simple pealing lews is observed. The dependence of the 
pressure on tube diameter, charge weight and wall roughness is 
examined. 

A detailed description of the experimental set-up is given in 
(2) and of the data processing in (3). Reference (3) also con- 
tains a list of the measured front pressures, maximum pressiu-es 
and arrival times. 

INTRODUCTION 

Model tests in three scales were undertaken to examine if simple scaling 

laws are valid for describing the blast wave originating from an acciden- 

tal explosion in an underground ammunition storage site. The objective cf 

the tests is described in more detail in (l). The models consist of a 

tube, simulating a tunnel, and a platform, simulating flat terrain (1,2), 

The pressure-time history of the blast and the arrival time of its shock 

front were measured and recorded (2,3). The results from the measurements 

in the tube section were presented, and discussed in (l). 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 (l}« 

In the appendix to (3)9 all the recorded front pressures, maximum pres- 

sures and arrival times, both from the tube section and from the platfoim 

section, are listed. 



DIFFICULTIES WITH PRESSURE TRMSDUCERS 

The pressures measured on the platform range from a few har close to the 

tube outlet to about 50 mbar at larger distances froin 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 disturb the 

measurements. 

When the experiments were finished, it was realised that the calibration 

values of the transducers as given by the producer were unsatisfactory. 

Control calibrations performed at the Norwegian Defence Research Estab- 

lishment showed a deviation of about 100^ 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 discussion in 

this report is based mainly on the arrival time measurements. 

However, for some of the pressure transducers, it was possible to estab- 

lish a confident calibration procedure. As a result it was possible to 

recalculate the front pressure at the measurement stations closest to 

the tube outlet in CFG.l, end for the case of zero  wall roughness in 

CFG.l even at most of the measurement stations. The front pressures ob- 

tained in this way are used with some confidence. 

In the listing of the pressxires in the appendix of (3) the uncorrected 

pressure values are given. 



3   TUBE OUTLET 

3• -1- Scale-depondence of the gressure dro£ 

In (l) ve observed that the front pressures in the tube were larger in 

the larger scalesv and that the difference increased with distance from 

the charge. When ve look at the front pressures at the measurement sta- 

tion 10 tube diameters 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 larger scales. The deviation from scaling with respect to 

dimension seems to change direction when passing through the tube outlet. 

Figure 3.1 shows some examples of how the front pressure falls 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 xo three-dimensional. 

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

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

3•2 Examination of the pressure drop 

We have calculated 

£1 
pi r Y ■ srrr (3.1) 

where P1 is the front pressure at position n-52 in the tube just at the 

outlet, and P'' is the pressure at the position N-10 tube diameters from 

the outlet on the platform. P' increases with, increasing scale, while P'' 

decreases with increasing scale. 

The values of Y are listed in Table 3.2. 

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

to estimate a linear equation 

y ■ a f bD (3.2) 
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The values of a and 'b  and the correlation coefficient R are listed in 

Table 3.3. b is positive, indicating that the pressure drop increases 

when D increases. It is also seen as a weak tendency that b decreases 

vhen the charge group q 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 y decreases when q increases, and that 

it increases with increasing large-scale roughness. 

3»3 Conclusion 

The large-scale roughness of the tube vails influences the pressure drop 

in a region where it is rot physically present. The wall roughness must 

thus influence the pressure drop through its earlier impact on the pres- 

sure-time history of the blast following the front shock, as it propagates 

through the tube. It must be concluded from this, and from the discussion 

in section 3.2, that the drop in front pressure through the tube outlet 

depends critically on the pressure-time history following the shock, and 

that the scale dependence of the pressure drop must result from a scale 

dependence of this pressure-time history. This shows that if one wants to 

get a clear picture of the front pressure dependence on scale, one must 

examine how other parameters describing the blast, such as impulse and 

positive duration, depend on scale, 

We have not analysed our pressure/time plots sufficiently to give any con- 

clusions about the scale dependence of impulse or positive duration, and. 

shall not comment on which physical effects are determining the x^essure 

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 to result from a scale dependent loss of energy in 

this region, but from a scale dependent redistribution of energy in the 

blast. 



8 

k CURVE FITTiriG ON ragSSURES ORTAIJ^ED FROM TIME. MEASURHoEKTS 

k.1   Curve fitting procedure 

Based on measurenientG of arrival titaes a mean velocity of the shock be- 

tween two succeeding measurement stations are calculated. We let this 

velocity correspond to a position midway between the two measurement 

stations. The front-pressure in this position is then calculated by the 

Rankine-Hugoniot equation. The curve from 

P - P0(fo) (^.D 

where N is the distance from the tube outlet, measured in number of tube 

diameters, is fitted to the values of the front pressures. The fitting 

parameters P and B represent the pressure in position H = 20 and tte 

attenuation of the front pressure, respectively. Only pressures in posi- 

tions H > 20 are included in the curve fitting. 

The values of P , B and the correlation coefficient R are shown in 
o 

Table l».la for CFG.l and Table U.lb for CFG.2. 

^.2   Discussion of P- ._. —___-__•__(j 

It is seen that P increases with increasing q., but that the increase 

is smaller than a linear increase. The curve form 

P  = a eb(1 {k.2) o 

ia with good correlation fitted to the values of P . The results are 

shown in Table U.2a for CFG.l and Table 4.2b for CFG.2. 

Pear each configuration and each degree of the large scale wall roughness 

i- , b seems to be independent of D. It decreases, howeverg with increas- 

ing rT c  That is, while the increase in P with increasing charge group 
L 0 

seems to be independent of scale, it is smaller for larger values of wall 

roughness. 

'From  Table k,2  it is seen that a, on the average, decrease? with increas- 

ing, rT. It is also seen that a decreases with increasing D, and this de~ 



crease seems to be larger for larger values of rT. It follows that P 
L o 

decreasec with increasing r, and D, and that the decrease in P is larger 
L o 

for larger values of r,, This is consistent with the observations in 

chapter 3. 

k.3   Discussion_ of B 

From. Table k.l  it is seen that B is nearly independent of q, indicating 

that the attenuation of the front pressure on the platform is nearly 

independent of a* 

The equation 

B = b, + b0D + b,rT {k.k) 

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

of b, . b_ arid "b_ and the corresponding partial correlation coefficients 
1'  2     3 

are given in Table l»,3a for CFG.l and Table i+.3b for CFG,2. All the 

correlation coefficients are significant on a level e = 10%'. 

With the values of the b-paraneters inserted in Equation (U.i+), we 

obtain 

B » 1.75 " 2.70 D - 5.39 rT (J4.5a) 

for CFG.l, and 

3 ■-•    1.52 - 2.01 D - ^.20 rL (^.Jb) 

for CFG.2. 

We tried to include a term b\ rTD in Equation (H.H) to examine the inter- 

action between roughness and scale. The resulting values of b^ were nega- 

tive both for CFG.l and CFG.2, but the correlation coefficients were not 

significant. 
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l».3*l Dependence of B on scale 

Tha first thing we notice is that B decreases when D increases; that is, 

the attenuation of the front pressure is smaller in the larger scales. 

We have observed that P 5 the front pressure in position N = 20, decreases 

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

In the tube, the front pressure is larger in the larger scales. When the 

shock wave propagation changes from one-dimensional to three-dimensional 

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

drop is so much larger in the larger scales that in position N = 20 on 

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

the shock propagates on the platform, however, the front pressure decreases 

more in the smaller scales, until it eventually becomes smallest in the 

smaller scales. This shows that the scale dependence of the pressure drop 

as the shock front passes through the tube outlet, is not due to a scale 

dependent energy loss, but a scale dependent redistribution of energy, 

^.3.2 Dependence of B on roughness 

We see that B decreases when rT increases. The effect of the vail rough- 
Li 

ness in the tube on the attenuation of the front pressure on the plat- 

form must be through its effect on the shape of the pressure-time profile 

of the blast as this propagates through the tube. A small attenuation 

correspond?3 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. 

k.k        Results from front pressure measurements 

As mentioned in chapter 2 the uncertainty in the calibration of the 

pressure gauges is generally too great for the pressure measurements to 

be used with confidence. For rT - 0 in CFG.l, however, the necessary 

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

sures are listed in Tables ^J>a-c( 

Equation (U.l) is fitted to these front pressure values, and the result- 

ing values of P and B, ai 

listed in the Tables k,k. 

ing values of P and B. and the correlation coefficients, R, are also 
^ o 
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Equation {''* ,2}  is fitted to the obtained values for P , and the results 

are 

P ■ 0.18? e      q    with correlation R = 1.00 
o 

for scale 1:100, 

P   » 0.255 e
0,0022 q- with R ••••= 0.99 

for scale 2:100, and 

P « 0.217 e0'0025 * with R = 0.98 o 

for scale 3:100. 

When this is compared with the corresponding results from the front 

pressures obtained from arrival time measurements, section k,2■,  Table k,2 

it is seen to be a fair agreement as far as attenuation is concerned. 

However, the absolute values are appreciably lover. 

As is the case for curve fitting based on front pressures obtained from 

time measurements, B in Equation (U.l) is seen to be nearly independent 

of q also in the curve fitting based on the measured front pressures. 

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

ably well with the values in the former cass» 

FITTIliG OF EMPIRICAL EQ'JATIOKS TO ARRIVAL TIME DATA 

In chapter U  the measured arrival times were vised to calculate the front 

pressuress and a curve fitting procedure was performed on the front pres- 

sures. In this chapter the curve fitting will be performed on the mea- 

sured arrival times directly. 

5 il   CoBiparison between curve forms 

Three expressions have been fitted to the arrival times measured in posi- 

tions with K > 20 on the platform. The expressions are the following 



12 

(t-t0)    «    ^(H-20)  +  B2(N-20)2 +  B3(N-20)3 (5.1) 

t-t 
D(N-20)  «    ao(t-t0)  + Ao In   (l + —~-J   + D0 (5.2) 

o 
.+ u 

D(K-20) =    ao(t.--t   )  + Ao  {ln(l •<-—B~-~}}s (5.3) 
o 

t is the arrive.1 time at position N ~ 20. a is the speed of sound in 
0 o 

the undisturbed air ahc-ad of the shock front, 3, « B... 6,.., A , B and D 
1  2  3  o  o     o 

are fitting parameters. 

There is no physical reason for equation (5.l)j it is only a fitting 

equation. Equations (5«2) and (5-3) have at least the property that the 

shock, velocity approaches the velocity of sound, as tine approaches in- 

finity. Expressions similar to equations (5>2) and (5.3) were, among 

Others, discussed for spherical explosions in free air in a paper by 

T K Groves at Suffield Experimental Station {k). 

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

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

For each shot the curve forms are fitted to the observed arrival times, 

and the square deviation S is calculated for all the three curves. Then 

the measured arrival times in the measurement stations nearest to the 

tube cutlet are fitted to the data and the square deviation S' is calcu- 

lated for the three curve forms. In the some way the square deviation S" 

for the fitting of the remaining arrival time measurements is calculated 

for the three expressions. The curve form giving the smallest value of 

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

This has been dona for each shot. For equation (5.2) this has been per- 

formed also with the parameter D excluded, (in this case the expression 

has the property that L » L when t-t ). The results when D was ex- 

eluded and when D was included turned out to be equally good. Each gave 
o 

the smallest value of S/S'-KJ1' in about 5055 of the shots. 

In 8055 of the shots equation (5.2) is a better fit than equation (5.1), 

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

Thus, equation (5.2) turns out to fit best to the observed arrival times 
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We shall in the following sections present the results of the fitting of 

equation {^,2.) to  the data when the parameter D is included. In section: 

5.5 to 5.7 the results Iron! the fitting of equation (5»l) to the data 

will "be presented. 

5.2   Fitting of equation (5.2) to the measured arrival times 

A . B and I) have "been calculated for each shot, and listed in Tables 5.1a 
0*00 

and b, The values of S and S/(S!-s-S") are also listed in this table. 

From equation (5-2) t-he shock velocity is given by the equation 

A 
U dL 

at a0  E +(t-t ) o   o 
(5.U) 

and the acceleration is 

dU 
dt 

(B*(t-t )); 
(5.5) 

Ir. position L -■  20, where t - t , the shock velocity exceeds the velocity 
0 2 

of sound with an amount A /B . and its retardation is R = A /B  • When o &s 00c 
ve shall study the dependence of the shock on scale, charge group and 

rcughness, we shall take A /B as a measure of the shock strength in posi- 

tion N ~  20, and DP. to represent the attenuation of the shock. 

The values of A /B and DR are calculated for each shot. We shall in 
00     o 

the following sections take the values of A /B and DR from each shot 
000 

and fit simple curve forms to them, in order to study their qualitative 

behaviour. 

5.3   Discussion of A /3 ™——_. o—o 

5.3.1 Dependence of A /B on q 0    o 

The equation 

A 
c 

B 
bq (5.6) 
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is fit-ted to the value" of A /B » and the resulting values of a, b and o o c        . ' 
the correlation coefficient R are listed in Table 5.2a for CFG.l and 

Table 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 what was 

observed in section ^.2. 

Figure 5'1 shows an example on the dependence of A /B on q. 

5.3.2 Denendence of A /B en r_ 
o o    L 

The equation 

A 
TT 

K a + brT (5.7) 
Bo L 

is fitted to the values of A /B , and the results are given in Table 5*3* 

for CFG.l and in Table 5.3b for CFG.2. b is seen to be negative; that is, 

the shock strength at H = 20 decreases with increasing roughness. This 

decrease is larger for the larger charge groups. 

These results are similar to those obtained in section U.2. Some examples 

or. the dependence of A /B on r_ are shown in Figure 5.2. 
o o    L 

5.3.3 Dependence of A /B on D 
o o 

The equation 

A 
o 

B ' 
o 

a + bD (5.8) 

if: fitted to the values of A /B . The results are given in Table 5^a 
o o 

fcr CFG.l and Table 5.1tb in CFG.2. As in section k.2.t  a tendency of the 

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

(b < 0 in 29 of 33 cases). This tendency seems to be stronger for the 

larger charge groups. It is difficult, however, in this case to see any 

dependence of b on r_. 

Figure 5.3 shows some examples on the dependence A /B on D. 
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5.U Discussion of DR 
~-~—•——~  TO 

2 
DR " D A /B " is taken to represent the decay in the shock strength coo 
as the blast propagates over the platform. The dependence of DR on 

charge group, wall roughness in the tube and scale will now be discussed. 

5»^«1  Dependence of DR on q 

The equation 

DR  - a cbcl (5.9) o 

is fitted to the values of DR • The results are listed in Table 5«5a for 

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

In section ^3 the attenuation of the front pressure was found to be 

nearly independent of q. From Table 5'5 it is seen, on the contrary, 

that b > 0 in Ik  of 18 cases, indicating that the decay in the shock 

strength increase? with increasing charge group. However, no systematic 

dependence of this increase on wall roughness and scale is observed. 

Figure 5.'* shows an example on the dependence of DR on q. o 

5A.2 Dependence of DR on rT o u 

The results from fitting the equation 

DR      ■    a + brT (5.10) 
O h 

to the values of DR are given in Table 5.6a for CFG.l and Table 5»6b o 
for CFG.2. In 30 of 32 cases b is found to be negative indicating that 

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

roughness. This effect was also observed in section 4.3. 

b is seen to decrease with increasing charge group. It then follows that 

the effect of smaller attenuation of the shock with increasing roughness, 

iu  larger for larger charge groups. 

Figure 5.5 shows some examples on the dependence of DR on r . 
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5.n,3 Dependence of DR on D 

The equation 

DR  = a + bD (5.3.1) o 

is fitted to the values of DR . The results are given in Table 5«7a for 

CFG.l and Table 5.Tb for CFG.2. In 30 of 33 cases b is negative. This 

shows that the decay of the shock strength decreases with increasing 

scale. The similar result was obtained in section 4.3. 

b seems to decrease with increasing charge group. It means the decrease 

of the attenuation with increasing scale is larger for larger charge 

groups. The tendency here, however, is weak. 

Some examples of the dependence of DR on D are shown in Figure 5t6. 

5•5   Fitting of equation {%jl}  to the mgasured arrival times 

We shall also briefly present the results from the fitting of equation 

(5.1) to the measured arrival times, t in equation (?.l) is taken to 

b3 the measured arrival time in position H -■ 20. From equation (5.1) the 
velocity of the shock front is given by 

U » D ^-= D(B;L+2B2(N~-20) + 363(N-20)
2)"1 (5.12) 

and its acceleration is 

ft " -v>i^ir2^ll"20)  +  3S3(N-20)
2)"J(2g2-;-663(iI-20)]  (5.13) 

The shock velocity at N '- 20 is then 

uo . 2- (5.1M 
x 

and the retardation is 

R «    + ■—4 (5.15) 
0 
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Since our main interest now is to compare the recults from the fitting 

of equation (5«l) to the measured arrival times with the results from 

the fitting of equation (5«2), ve  shall concentrate the discussion on 

U and the '"scaled" retardation in N = 20. DP. . It must be borne in 
o o 

mind, however, that there is an additional parameter 3 . 

The values of U , DB and 3,, are given in Table 5,8a for CFG,! and 
o  o    3 

Table 5.8b for CFG,2. 

5.6   Discussion of U __ 0 

5.6.1 Dependence of U on q 
0 

The equation 

Uo    =    a eG<i (5.16) 

is fitted to the values of U , and the results are listed in Table 5.ya 

for CFG.l and Table 5.9b for CFG.2, As in section 5.3.1 b is found to 

be positive, and it has a tendency to decrease with increasing vail rough- 

ness and scale. 

5.6.2 Dependence of U on rT o L 

The equation 

U     «   a + brT (5.17) 
O Li 

is fitted to the values of U and the results arc given in Tables 5.10, 
o s 

b is found to be negative, and it has larger negative values for larger 

charge groups. 

The results are similar to those observed in section 5.3.2. 

5.6.3 Dependence of U on D 

The results from fitting the equatioi 

Uo - a -s- cD (5.18} 
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to the values of U arc listed in TaMes 5.11. b is negative in 23 of 
o 

33 cases, so the tendency of the shock strength in H - 20 to decrease 

with increasing scale is observed also in this case. As in section 5.3.3 

this tendency seeras to be stronger for larger charge groups. 

5.7   Discussion of  DR 

5.T.1 Dependence of DR on q 

Equation (5.';') is fitted to the values of DR and the results are listed 

in Tables 5.-1.?. As in section 5.^.1 a weak tendency of DR to increase 

with increasing charge group is observed. It is difficult to see any 

systematic dependence of this increase on seals and roughness, 

5.T.2 Dependence of DR on r,r o    L 

Equation (5.10) is fitted to the values of DR , and -che results are 

listed in Tables 5.13. DR is found to decrease with increasing r.t  just 
O Li 

as in section 5.^.2. A weak tendency of this decrease to become larger 

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

any dependence on D. 

5.T.3 Dependence of DF on D 

At last, equation (5.11) is fitted to the values of DR , and from the 

results, listed in Tables 5.1^, DR does not, as in bection 5-^.3, show 

any tendency to decree^e with increasing scale. This difference is due 

to the additional fitting parameter B,, in Equation (5.1)' When the scale- 
o 

dependence of this parameter is taken into account, the retardation of 

the shock front, and hence the attenuation of the front pressure, is 

found to decrease with increasing scale. 

5 * 8   Summary 

In this and the preceeding chapter several curve fitting procedures were 

performed to interpret the arrival time measurements. They give all the 

same qualtitative results. This assures that the conclusions are not only 
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resulting from the curve fitting procedures useds but reveal the physical 

content of the data. 

The main results can be sunmarized 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 attenuation 

of the front pressure, however, also decreases with increasing scale and 

roughness. 

6     THE c,'0 mbar LIMIT 

6.1   Deterraination of the ^() jnV.r' limit 

It is of interest to find the distance from the tube outlet in which the 

front pressure falls below a certain values for example ^0 mbar. Since 

equation (5.2) gives the best fit to the measured arrival times, this 

vill be used to determine the 50 mbar limit. 

By use of equation (5»2) and the Rankine-Hugenoit equation, the 50 mbar 

limit is found to be expressed as 

A 
x = 20 + %[kl.Q  A -a B +A ln^T.8 -f-) + Do}       (6.1) 

o"o 

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

obtained by Equation (6.1) are listed in Table 6.1 for the different 

charge groups, degrees of vail roughness and scales. 

^•^   Discussion of x 

6.2.1 Dependence of x on q 

The equation 

x ^ a q (6.2) 

ir. fitted to the values of x, and the results arc given in Table 6.2a for 

CFG.l and Table 6.2b for CFG.2. All the values of b are found to be be- 
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tveen 0 and 3., i e, about Q.h  for CFG.l and 0.5 for CFG.2S shoving that 

x increases with increasing a. Figure 6.1 shows an example on the 

dependence of x on q.. 

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

6.2.2 Dependence of X on rT 

The equation 

x = a + brL (6.3) 

is fitted to the values of x, and the results are given in Table 6.3. 

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 discussed in the proceeding chapters, the effect of the wall rough- 

ness in the tube is to flatten the pressure-time profile of the blast. 

This leads to smeller values of the front pressure at the beginning of 

the platform in the cases of large roughness, but also to smaller attenua- 

tion of the front pressure as the shock propagates over the platform. 

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

ler values of x with larger degrees of roughness. 

In Figure 6.2 are shown some examples on the dependence of x on r_. 

6.2.3 Dependence of x on D 

The equation 

x - a + bD (6.H) 

is fitted to the values of x. The results are listed in Tables 6.U. 

b is positive in 26 of 33 cases, shoving that the distance to the point 

where the pressure falls below 50 mbar increases with increasing scale, 

b > 0 in 2k  of 33 casee is a relative weak tendency. This is probably 

due to the effect of the tube outlet. The front pressure in position 

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

attenuation of the front pressure as the shock propagates over the plat- 
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form, was, however, also found to decrease with increasing scale, so thai 

fcr larger values of 11  increasing front pressure with increasing scale 

is observed. The value of N for which this occurs, will depend on the 

pressure-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. 

CCMPAHTSON WITH FULL SCALE TESTS 

Wo shall briefly compare the results obtained in Norwegian full scale 

tests at Raufoss ana Storfosen with the present model tests. The Raufoss 

and Storfosen experiments arc- described in (6) and (,T), respectively. 

There 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- 

son is performed, we have therefore only taken the front pressures ob- 

tained in the Raufoss- and Storfosen shots and fitted equation (^.1) to 

them. The results are given in Table 7.1• The curve fitting is based on 

measurements in 2, k  or 5 positions outside the tunnel outlet, N being 

between 10 and 80, 

The tunnel diameter at Raufoss is D = 2.65 m, corresponding to scale 

53:100. At Storfosen 2 tunnels were used. Both tunnels had bends, and in 

both tunnels the diameter changed. V,7e shall associate a diameter D - 

2,85 m to the one and a diameter D » U m to the other, corresponding to 

scales 57:100 and 80:100, respectively. 

In the discussion in section h,3  the attenuation B was found to decrease 

with increasing scale. By comparing the values of B from the full scale 

case in Table 7»1 with the values of B from the model tests in Table? k,l% 

the attenuation in the full scale tests is of the some order of magni- 

tude or somewhat smaller. This may "be due to the different values of 

charge group q., although in section ^.3. B was found to be nearly in- 

dependent of q. 

By comnaring the values of P from Table 7-.1 with the values of P„ from 



Table 4.1. P is found to 'en smaller in the full scale tests. This is 
o 

reasonable, since the charge groups are smaller in the full scale tests, 

As mentioned there are several important differences betveen these full 

scale experiments and the model tests, and this makes a direct comparison 

difficult. It is shot no 9 from Raufoss which is best suited for a direct 

comparison, and even in this case the differences are large. The charge 

weight in this shot is Q " 1C00 kg, corresponding to charge group 

q ~ 53.7 kg/m . The pressure as a function of distance from the tunnel 

outlet is shown in Figure 7.1. The Raufoss tunnel is closed in one end, 

as our CFG.2, and the charge is detonated in the tunnel, as in our CFG.l. 

The Raufoss shot should then be compared with shots with charge group 

2x53.7 kg/m ~ 107 kg/m in CFG.l in our model tests. We have not used 

exactly this charge group, but a comparison can be performed by inter- 
3        s 3 polation from the shots with q - 80 kg/m and q =: loO kg/m . The result- 

ing press\ires as function of distance from tube outlet for scales 1:100, 

2il00 and 3:100 are also shown in Figure T,l,  It is assumed that r ■ 

0.06 is the wall roughness which best corresponds to the roughness in 

the Raufoss 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. 

It seems reasonable to explain this deviation between the model tests 

and the Raufoss shot by the larger differences between the full scale 

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

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

- Vegetation and irregularities in the terrain might be of greater 
importance than irregularities on the platform 

- There is a side-chamber and a bend, in the Raufoss tunnel 

- Energy in the blast wave is used for evaporation of water in the tunnel 

- In the models there are a vertical steel plate above the tube outlet, . 
while at Raufoss the hill above the tunnel is not very steep 

- The tunnel length at Raufoss is only 3^ tunnel diameters| the effect 
of this, however, should be in the opposite direction 
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CONCLUSIONS 

For the measurements in the tube section a deviation from the scaling 

lews was observed (l). It was seen that the front pressure increased 

with increasing scale, mainly due to the fact that the attenuation of 

the front pressure decreased with increasing scale. 

In chapter 3 of the present report the tube outlet was seen to have the 

effect of reversing this deviation; at the first measurement stations 

after the tube outlet the front pressure decreased with increasing scale. 

In other words, there is a larger pressure drop in the larger scales, 

when the shock propagation changes from one-dimensional in the tube to 

three-dimensional on the platform. This effect was seen to depend on the 

wall roughness in the tube, indicating that the pressure-time profile 

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

The effect does not seem to result from a scale dependent 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 

large distances from the tube outlet the front pressure increases with 

increasing scale. This effect makes it difficult to extrapolate the 

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

In chapters k  and 5 where the dependence of the attenuation of the front 

pressure and the front pressure in position K = 20 on scale, charge group 

and roughness was studied, the attenuation was found to depend on the 

roughness in the tube. This again shows the importance of the whole pres- 

sure-time history for describing the blast. 

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

profiles possible, although they are recorded, 

In summary, a relative complicated dependence of the shock strength on 

scale is observed. This supports the conclusion in (l), that the simple 

scaling laws must, be used with great care. 
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Figure 6.1  Dependence of the 50 mbar limit on charge group, ft 
(The curve is the result from fitting eq (6.2) to the 
values of x) 
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CFG.1 

C(m) B6 160 240 320 430 640 

0 1.71 3.47 4.14 5.33 7.G4 8.50 

0 05 Q.03 0.6H 1.10 1.47 1.55 2.01 2.58 

0.06 051 0.72 0.74 1.03 1.23 

0 1.47 2.52 4.91 5.42 B.90 r;.37 

010 0.03 n.44 1.03 1.D8 1.16 1.79 i.n 

G.OB 0.37 0.47 0.46 0.64 0.C1 USD 

D 1.11 1.92 3.71 3.77 4.77 S.38 

015 0.93 0.48 0.57 0.75 0.95 1.18 1.48 

O.OS 0.30 
  

0.39 0.4E 0.50 0.58 0.77 

Table  3.1a       Frpji_t jvt'essure   (bar)  at  position IT a 10 

CFG.2 

D(m) 

80 1C0 240 320 480 640 

0.05 

G 

0.03 

0.C5 

1.92 

0.41 

0.21 

3.12 

0.80 

0.19 

4.61 

0.G2 

4.G7 

1.56 

0.48 

6.79 

1.97 

0.83 

6.71 

2.05 

1.13 

0.10 

G 

0.03 

COG 

1,81 

0.42 

0,28 

2.12 

0.7 D 

0.42 

2.77 

1.01 

0.60 

3.57 

1.61 

0.67 

3.3G 

1.4S 

0.89 

0.15 

0 

0.03 

0.0G 

1.11 

0.43 

0.22 

1.04 

0.63 

0.35 

2.72 

0.77 

0.45 

3.20 

0.83 

C.51 

4.65 

1.81 

0.58 
  

Table 3«lb  Front pressure (bar) at position K =» 10 
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CFG.1 

D(m) 0.C5 8.10 
. ,     , 

0.15 

"X\rL 
0 0.03 0,06 0 U.D3 0.06 0 0.03 0.05 

80 14.81 15.83 17.36 21.45 21.40 26.14 30.12 23.39 

160 13.02 12.^5 17.02 15.C7 18.94 21.3? 25.13 25.60 26.60 

1         240 12.27 1401 15.47 17,CS 13.01 2U7 16.86 24.90 27.53 

320 10.55 14.38 15.06 1C.38 18.86 21.42 16.42 24.60 23.97 

480 P.78 14.65 13.75 11.20 14.63 13.79 14.88 26.03 32.52 

64Q 7.59 11.93 13.11 10.05 14.80 18.15 12.53 22.62 2S.52 

Tatle 3.2      Values of v 

CFG.1 7 = a-l-bD 

rL 0 0.03 

 mmm. 

0.06 

q (kgm'3) a             b R a b n a b R 

80 8.11     113.3 0.95 8.18 142.9 0.99 10.82 45.0 
! 

D = 0.05 missiny 

160 5.80     121.5 0.95 5.98 130.5 1.00 12.87 S9.8 0.99 

240 10.81       45.9 0.85 3.42 108.9 1.00 9.33 120.6 1.00 

320 9.3S       47.7 0.78 9.06 102.2 1.00 7.91 139.1 1.0C 

480 5.54      60.7 0.39 7.06 113.8 0.87 2.82 187.7 0.9? 

640 5.12      49.4 1.00 5.76 106.9 0.3? E.05 134.1 0.99 

Table 3.3 Dependence of  Y oi i D 
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CFG 1 rL-0 rj -0.03 rL - 0.05 

'i 0 Po B R Po B R !,o B R 

0.05 0.4S4 1.725 0.98 0.252 1.347 0.96 0.246 1.319 0.36 

ED 0.10 0.372 1.540 0.C2 0.146 0.9G3 0.60 0.175 1.189 8.82 

0.15 0.321 1.382 0.8G G.259 1.186 G.E3 0.^59 0.80G 0.61 

0.0S 0.534 1.378 0.38 0.209 1.15S 0-87 0.266 1.442 0.94 

16D 0.10 1553 1.634 0.91 0.282 1.C41 0.93 0.219 1.034 (1.66 

0.1 S 0.521 1.494 0.S8 0.249 1.001 0.77 0.20S 0.883 0.60 

Q.05 0.611 1.443 O.SG 0.504 1.471 0.96 0.42S 1.423 0.G7 

24f! 0.10 0.655 1.563 0.n8 0.339 1.111 0.Q4 0.257 1.371 0.87 

0.15 0.628 1.376 0.98 0.342 1,148 0.93 0.288 3.913 0.79 

0.35 0.G25 1.555 0.99 0.554 1.571 0.90 D.584 1.784 0.95 

3Z3 0.10 BJ22 1.401 n.s? 0.51 S 1.120 0.05 0.416 1.276 0.98 

0.15 0.745 1.43fi 0.98 0.454 1.205 0.95 0.335 1.077 P.S5 

0.05 1.353 1.864 0.93 0.566 1.349 0.97 9.442 1.245 0.99 

480 0.10 0.841 1.351 0.38 0.540 1.138 G.98 0556 1.240 0.97 

0.15 1.270 1.738 0.99 0.55^ 1.176 0.95 0.3S8 1.105 0.S7 

0.05 1.830 1.763 o.gg 0.646 1.32? 0.97 0.571 1.591 0.95 

640 0.10 1.340 1.571 0.99 0.588 1.226 0.94 0.585 1.308 0.94 

0.15 1.J39 1.G50 o.gg 0.66G 1.305 0.05 

Table h ,1a      Curve fitting on front pressures obtained, from arrival 
time measurements 
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N ,-B 

^•VFo' 

CFG.2 rL = 0 tL = 0.03 rl = 0.05 

q D P 
■ 0 

B R Po B R 0 B R 

COS 0.391 1.405 0.63 0,317 1.2S5 0.99 0.373 1.684 C.S8 

BO 0.10 0.335 i.uoe 0.84 0.189 1.180 0.G8 O.iBi 1.28i 0.71 

0.15 0.388 1.44S 0.97 0.1 S4 O.GOO n.c2 0.227 1.032 O.SS     1 

COS 0.B33 1.50! 0.97 0.355 1.039 U.96 0.294 0.973 o. GC- 

160 Q.10 0.432 1.263 0.31 C.216 0.603 0.45 0.312 1.217 CS i 

0.15 0.570 1.570 0.99 0.276 0.977 0.83 0.245 0.612 
i 

0.62 

D.05 0.6*1 1.379 0.92 0.325 0.892 0.59 

24D 0.10 0.579 1.134 O.SS 0.319 0976 0.96 0478 1.199 0.94 

0.15 0.616 1.303 0.97 0.327 0.946 0.94 0.333 0.384 0.85 

0.D5 0.923 1.324 0.99 0.631 1.521 0.95 0.353 0.883 0.65 

32D 0.10 0.652 1.173 0.98 0.388 1.184 0.88 0.590 1.387 C.97 

0.15 0.707 1.195 0.98 0.434 1.128 0.99 C.382 1.308 C.93 

0.05 1.C36 1.517 0.99 0.630 1.358 0.96 0.589 1.283 C.95 

483 0.10 1.023 1.2/3 0.99 0.642 1.25? 0.S5 0.609 1.238 0.S4 

0.15 1.039 1.318 0.99 0.493 1.081 0.98 0.494 1.308 0.95 

0.05 2.C75 1.660 0.38 0.6E2 1.15S 0.97 0.561 1.213 0.95 

643 0.10 

0.15 

1.579 1.521 1,00 

L_,, 

Table h .To '   Curve fitting on  front pressures ototaineg frora arrival 
time measurements 
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Fo = N 

(a) (b) 
CFG.1 CFG.2 

rL D a b R b R 

0.05 0.367 0.0020 0.99 0.??.2 0.0031 0.99 

0 CIO 0.3S0 0.C021 0.98 0.302 0.C026 1.00 

0.10 0.317 0.0025 0.97 0.347 0.0024 0.98 

0.05 0.270 0.C016 0.87 0.302 0.0015 0.89 

0.03 0.10 0.179 0.0023 0.87 0.142 0.0031 0.99 

0.15 0.216 0.0019 0.96 0.162 0.0C26 0.S3 
i 

0.D5 0.243 0.0016 0.85 0.277 0.0011 0.83 

0 06 0.10 0.157 0.0024 0.S6 0.186 0.G030 0.89 

0.15 0.146 0.002/i U.9G 0.191 0.0020 0.98 

Table k.2      Dependence of P    on q. 

(a) 

B=b1+b2D+b3rL 

CFG.1 

i 1 2                3 

  
1.75 -2.70 -5 30 

Rj 0.08 0.75 

(b) 

CFG.2 

i                      1 2 3 

bj 1.52 -2.01 -4.2C 

1 
O.oO 0.68     j 

1 
j 

Table '+.3   Dependence of B on D and r. 



CFG.1 D - 0.05 rL«0 

N^q 

N      X sc 1G0 240 3iG 480 640 

20.8 0.297 0.267 G.521 G.53C 0.89S 1.35i 

30.8 C.I 30 O.i 65 0.220 0.224 0.481 0.504 

40.0 &.CB9 8.120 0.133 0.157 G.^79 0.402 

50.8 C.OBs 0,038 n.oss 0.082 0.252 

70.9 cm 7 0.04S 0.CGD 0.076 0.1 OS 0.128 

1      80.0 
1 

0.032 

89.0 0.033 0.047 0 055 0.082 0.088 

101.0 0.013 I 

111.0 0.023 0.028 0.033 i).G55 0.0S8 

119.0 0.C17 

131.0 0.012 0.025 0.021 0.043 0.049 

141.0 0.021 n.oie 0.049 G.054    : 

161.0 0.021 0.023 0,031 0.036 0,054 
1 

0.057 

PJ rE 

^Poilo) 

Po C.227 0.3Qfi 0.41 B 0.468 0.851 1.240 

G 1.375 1.448 1.453 1J18 1.504 1.650 

R 0.93 0.97 0.93 C.97 11.99 0.99 

lalile U ,ka      lieasured front press-jres  (bar) and results  from fitting 
of en   C+.l)   to theFe  pressures 



CFG.1 D-0.10 rL = 0 

00 160 240 3?0 480 640 

! 

20.4 0.256 D.3/8 0.418 0.530 0.772 0.96R 

25.4 G.1SG 0.280 o.2sa C.565 

29.4 0,124 0.140 0.221 0.289 IJ.353 D.702 

3S.4S 0.114 0.16a 9.17? 

4a4S 0.078 O.i 27 0.176 0.175 [1.301 G.259 

44.5 0,079 0.114 

50. & 0,057 OL082 0.074 0.112 D.I 35 0.176 

59.5 0.044 0.059 0.092 0.132 0.181 0,179 

70.5 0.GS0 0.936 C.043 0.084 0.073 C.QSO 

80.5 C.DZG 0.D33 0.044 0.070 0.093 C.093 

69.9 G.042 0.052 0.066 0.C92 

09.0 0.032 0.038 0.054 0.053 

109.9 0.038 0.050 0.055 

11S.8 0.031 C.U41 0.043 

129.9 0,025 0.034 

1S3.9 0.U25 0.03 i 0.C33 

143.3 0.026 0.030 

1DB.9 0.032 " 

UiSJ 
„ 

0,025 0.030 

N -8 

Po 0.270 0.401 

i 

|     0.440 0.S49 0.774 1.008 

S 1.668 1.811 1.542      ' 
i                    j 

1.579 1.5S6 1.733 

R 0.99 C.93 
! 
!     0.98 L 0.99 0.93 0.S9 

Table H.nb  Measured frcnt pressures (bar) and results i'rora fitting 

of eg (^t .1 )„i2^JJ}i:£!r_Il££££u:,:!£l^ 
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CFG.I D-G.15 rL-0 

80 160 240 

j 
220 4E0 640 

20.1 0.259 0.408 0.506 0.638 0.737 

23.93 0.131 C.20D 0.3! 2 0.702 

26.77 
i 

0.153 0.2:15 0.242 0.320 0.433 0.634 

|    33.93 0.078 0.130 0.1 C2 0.226 0.353 0.445 

40.13 0.075 0.081 0.130 0.188 0.255 

46.8 0.077 C.liSI 0.146 0.298 

54.03 0.028 0.Q37 l).G76 0.102 ani 

san 0.114 

66.4 0.053 0.064 0.087 0.082 0.121 

73.07 0.127 

79.73 0.030 0.040 0.050 0.G52 0.067 

86.4 0.G62 

93.03 0.033 0.041 0.051 

G9.7 0.083 

106.33 G.063 

112.97 
  

0.!!33 

P-(la 
N .-B 
/-d 

Po 0.225 C.533 0.419 0.583 0.735 0.9 SB 

B 1.551 1.531 1.694 1.681 1.825 1.730 

R 0.34 0.95 0.93 1.00 

1 
0.98 C.flS 

Table k,kc      ^^easurecl front pressures  (bar)  anj 
Of eq  (U.l)  'co  '-.hese •pressures 
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CPG.I M 

rL D im) a \> R 

0.Q5 0.0030 0.0025B G.36 

0 CIO 0.0514 0.00223 0.S7 

0.1 D 0.0493 0.00218 0.95 

o.oa 0.0337 0.00167 0.90 

0.03 0.1!) 0.0244 0.00248 0.8G 

0.15 0.0317 0.00165 0.95 

0.05 0.0508 000076 050 

COS 0.10 0.0237 0.G0271 0.03 

0.15 0.0247 0.00163 0.89 

Table 5.2a     Dependence of A /B    on q  i . Q ,-, i 

CFG.2 
o 

rL Qim) a b R 

0.05 0.0539 0.00254 0.97 

0 0.10 0.0550 0,00160 0.71 

0.15 0.0552 0.00176 0.92 

0.05 0.0502 0.00081 0,72 

0.03 0.1 G 0.0234 0.00155 0.57 

0.15 0.0299 0.00142 0.96 

0.05 0.0597 0.00056 0.57 

0.05 0.10 0.0249 0.00400 0.R4 

0.15 0.0328 0.00131 0.84 

"able  5.2b      Dependence on A /B    on g 
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CFG.1 D R.. - a e u 
•q 

rL Dim) S b R 

- 
0.05 0.0C1S4 0.00361 0,85 

o 0.10 0.002C0 0.00260 0,37 

0.15 0.00157 0.00300 0.02 

0.05 0.00087 0.00205 072 

0.03 0.10 0.00043 0.G03Z3 0.79 

0.15 0.00081 0.00250 0.85 

0.05 0.0G?53 0.00003 0.01 

0.06 0.10 0.00041 0.CQ'J84 0.73 

i  —.. 

0.15 0.00033 0.00216 0.57 

Table  5.^a      Dependence^ of "DB    on a 

CFG.2 DR0-ae bq 

  

D(m) a b R 

0.05 0.00203 0.00293 0.82 

0 0.10 0.002S2 -0.00066 0.16 

G.I 5 0.00245 0.00049 0.23 

0.05 0.0Q212 -0.00022 0.12 

0.03 0.10 0.00031 -0.00179 0.34 

0.15 0.00046 0,09134 0.70 

0.05 0.00231 -0.00045 0.21 

O.OG 0.10 0.00087 0,00311 0.53  | 

0.15 0.00iJ44 9.CC171 0,58 

Table  5.5b     .Dependence  of DR    on  q 
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C^G.I D - 0.05 b-o.io 
-, 

0 = 0.15 

n rL: li 0.03 0.06 0 0.03 0.03 0 0.03 0.06 

Uo G/J014 0.3715 0.3773 0 41C1 0.3739 0.3810 3.3822 nj^5 0.3822    ! 

80 D.R0 0.775 0.185 0.25S 1.558 0.529 Q.84C 1.065 1.3b5 1.065 

Pi -T.31 -0.16 -0.33 -8.51 -3.59 -5.88 -9.40 -19.44 -21.89 

Uo Q.4039 D.3B71 0.3CS7 0.4333 0.3833 
1 

0,3842          0/>030 D.3224 0.3376 

ItO D.R0 0.635 0.380 0.400 2.040 0.460 0.770 0.930 0.960 8.810 

(J3 -0.87 -0.55 -0.54 -8.99 -1.60 -4.3 S -7.46 -12.31 -10.07 

Uo 0.4179 0.3947 0.3963 0.4210 0.3S11 0.3967 0.4035 0.3978 0.3834 

240 D.R0 0J40 0.510 0.475 f.000 0.460 1.170 0.525 8.885 0.705 

P2 -1.29 -0.72 -0.G2 -2.35 -1.52 -5.52 -1.65 -8.2S -7.04 

Uo 0.4260 0.4013 0.^024 0.4285 0.3391 0.3810 0.4362 0.4035 0.3877 

320 D.R0 0.930 0.550 0.580 1.120 0.570 0.400 1.440 0,7D5 0.630 

P3 -1.0b -0.71 -0.77 -3.31 -1.76 -1.23 -7.88 -B.70 -5.83    ; 

Uo 0.4i3&1 0.40S8 0.3P.89 0.4415 0.4029 0.3952 0.4607 0.4436 0.3871 

4E0 D.R0 1.705 O.fiBC 0.515 1.03D 0.530 0.480 1.920 3.645 0.4R0 

133 -1.46 -0.85 -0.67 -1.98 -1.34 -1.24 -7.25 -32.28 -3.08 

0.3958 Uo 0.4140 0.4138 0,462 i 0.4071 0.3923 0,4974 0.4123 

m D.RC 0.720 0.740 1.210 0.640 0.460 3.030 0.9P0 0.555 

^3 -0.88 -0.31 -1.71 -1.58 -1.22 -9.07 -5.87 -3.19 

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

measured arrival tines 

DVRQ is multiplied by 1G3 and g3 by 106 



  

CFG.2 D « B.OS 0 = 0.10 0-0.15 
! 

q rL: 0 C.03 0.0G 0 0.03 COG 0 0.03 0.06 

llo 0.3310 0.3869 0.3996 0.4165 C.38«7 C.3c)37 

  

0.3854 0.3725 

£0 D.R0 0.530 MW 0.770 i.53n 1.000 0.900 o.soa 0.52b 

|53 -0.79 -0.59 -1.51 -9.21 -7.23 -6.75 -8.88 -6.1i 

u
0 

0.4043 0.3887 0.39?3 0.4050 G.3933 0.3D22 0.4021 0.38.5 0.37S9 

ISO C-R3 
0.685 0.3RG 0.540 0.783 1.110 1700 1.0B0 0.945 0.285 

^3 -0.93 -0.51 -0.76 -2.87 -7.87 -2.62 -8.03 -13.74 ~0.7fi 

Uo 0.4162 0.3788 (1.4004 0.4325 0.2739 0.C077 0.4138 0.3720 

240 O.Rn 0.7G5 0.340 0.540 1.200 0.270 0.79C 1.36S 0.435 

,63 -O.fll -0.53 -0.69 -3.88 -0.S5 -2.6! -6.86 -2.99 1 

Uo 0.4383 0.4004 0.4090 0.4209 0.3837 0.4028 0.4107 0.3860 
1 

0.3880 

320 D.R0 1.M5 C.535 0.690 C.670 0.330 0.590 0.915 0.S30 0.465 

03 -1.04 -0.69 -0.89 -1.45 -0.G4 -1.56 -4.5S -4.93 -2.14 

U0 0.4853 0.4122 0.4205 C.4363 0.3932 0.3963 0.4381 0.3879 0.3894 

48fi n.Ro 1.925 0.640 0.775 0.S50 0.450 0.43C 1.305 0.510 0.675 

^3 -1.41 -0.77 -G.92 -1.79 -1.19 -1.15 -4.96 -2.87 -3.92 

"0 0.5425 0.4184 0.4202 0.4650 

640 D.R0 3.550 0.670 0.6G5 1.460 

^3 -1.95 -0.72 -0.72 -2.25 

Table 5.8b  Results frc m fitting of eg (5.I) to the 

measured arrival times 

D'lU is multiplied by 103 and g3 by 10^ 



CFG.1 U^-Bf' ui 

rL D(m) B h R 

0.05 0.3338 O.O0Q333 C.97 

0 0.10 0.4114 0.000134 0.31 

0.15 0.3694 0.000466 C,9S 

C.05 0.3743 0.000172 0.S3 

0.03 0.10 0.3772 0.000134 o.rri 

0.15 0.3S69 0.000184 0.68 

0.05 0.3791 C.iiuul36 o.ei 

0.08 0.10 0.3823 0.000051 0.59 

0.15 0.3831 0.000041' 0.80 

Table 5.9a  Dependence of U on a 

CFG.2 U =a o 
.bq 

fL D(m) a b R 

0.05 0.3S67 0.000593 0.99 

0 0.10 0.4021) 0.000204 0.89 

0.15 0.3803 0.000286 0.96 

0.05 0.37f.8 U.Q00186 0.89 

0.03 0.10 11.3853 0.000029 3.25 

0.15 0.3757 0.000007 0.79 

0.05 0.3930 0.000115 0.34 

0.06 0.10 0.38S8 0.000076 Q.50 

0.15 0.31331 0.008132 0.52 

Table 5.9b  Dependence of I) on q  ^_ Q . ft 
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CFG.1 R D 
(i 

...N 

r  
Dim) a 

X1G3 

b F! 

0.05 0.55 0.00211 C.91 

D 0.10 1.61 -0.1)0071 0.53 

0.1b 0.51 0.00233 0.80 

0.05 0.24 0.80202 C.S5 

0.03 0.10 0.46 C. 00045 0.74 

0.15 0.S3 0,00007 Q.?U 

0.05 0.30 0.00148 Q.«7 

0.110 0.10 P.9B -0.00135 0.S7 

0.15 1.00 

- 

-0.0011S 0.82 

Table  5.12a      Depcridenc^ of PR    or, g 

CFG.Z RCD = a eb(l 

rL D(«n) a 
KJO3 

b R 

0.05 0.35 0.00342 0.99 

0 0.10 1.03 0.00310 0.0(5 

0.15 C.33 C.00034 0.50 

C.05 0.33 0.00120 0.S7 

C.03 0.10 1.01 -0.00247 0.5S 

0.15 0.8S -0,00130 0.53 
i 

C.05 0.62 0.00018 0.23 

C.S6 CIO 1.01 -0.001 GO 0.S4 

0.15 0.35 0.00110 0.57 

Table 5.121)      Dependence of PR _2}\Jl 
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CFG.1 X-an^ 

rl Dim) 3 k R 

O.OS 13.94 3.41 0.84 

e 0.1 C 12.23 0.43 0.08 

0.1 B 14.85 040 0.97 

o.a? 14.84 0.33 0.92 

0 03 0.10 e.9S 0.45 0.80 

0.11 20.81 0.31 O.Sfl 

0.05 13.00 0.35 0.92 

0.06 0.10 12.32 0.40 0.95 

0.15 
i 

10.77 0.3>i 0.84 

Table 6.2a      Dependence of X on q. 

CFG.2 X = a a" 

1 D(m) s b 

1 

R 

0.C5 6.68 0.57 O.CS 

0 0.10 6.03 0.611 0.96 

0.15 5.47 0.61 0.96 

0.05 10.18 0.44 0.83 

0.03 0.10 2.72 0.73 0,75 

0.15 11.04 0.45 cot 

0.05 12.34 0.4G 0.v2 

COG 0.10 2.04 0.76 0.S7 

i     0.15 JO.SO "30 0.69 

Table 6.21)     dependence of X on g 
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STORFOSEN 

STORFOSEN 

STORFOSEl\l 

STORFOSFJJ 

STORFOSEN 

RftUFOSS 

RAUFOSS 

RAUFOSS'* 

RAUFOSSx 

D{m)       SCALE 

4.00 

2J5 

2.85 

2.85 

2.65 

2.65 

2.65 

2.65 

89:100 

80:100 

57:100 

57:100 

53:100 

53:100 

53.100 

72.4 

375.3 

151.3 

302.5 

57:100      1495 

53:1 CO        100 

300 

IGiiO 

1UQC 

No of measure; 
inunt positions 

r = !i   inciudsrf in 
[}3 cuii"i fitting 

frj, -B 

1.13 

S.86 

SM 

12S7 

64.1 

5.37 

16.12 

53.7 

53.7 

0 

0.034 

0.C97 

0.033 

0.053 

0.140 

0.033 

0.046 

0.0S0 

0.065 

B 

1.355 

1.434 

1.293 

1.128 

0.093 

0484 

1.073 

1.315 

1.130 

R 

0.94 

0.38 

1.00 

U.95 

0.9S 

Thecharnes are placed at different distances from the closed end of the tunnel. 

Table 7.1  Results fron soae Morvcpian fall scale tests 


