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Tunnel Closure Calculations 

A Report prepared for the 
Munitions Division of the Armament Directorate 

at Eglin Air Force Base 

Bill Moran and Armand Attia 

Abstract 

When a deeply penetrating munition explodes above the roof of a 
tunnel, the amount of rubble that falls inside the tunnel is primarily a 
function of three parameters: First the cube-root scaled distance from 
the center of the explosive to the roof of the tunnel. Second the 
material properties of the rock around the tunnel, and in particular 
the shear strength of that rock, its RQD (Rock Quality Designator) , and 
the extent and orientation of joints. And third the ratio of the tunnel 
diameter to the standoff distance (distance between the center of 
explosive and the tunnel roof). 

We have used CALE, a well-established 2-D hydrodynamic computer 
code, to calculate the amount of rubble that falls inside a tumei as a 
function of standoff distance for two different tunnel diameters. In 
particular we calculated three of the tunnel collapse experiments 
conducted in an iron ore mine near Kirkeness, Norway in the summer 
of 1994. The failure model that we used in our calculations combines 
an equivalent plastic strain criterion with a maximum tensile strength 
criterion and can be calibrated for different rocks using cratering data 
as well as laboratory experiments. These calculations are intended to 
test and improve our understanding of both the Norway Experiments 
and the ACE (Array of conventional Explosive) phenomenology. 

In troduc t ion 

A n  understanding of tunnel vulnerability to air-delivered munitions is 
required for weapon concept evaluation as well as for guiding data 
collection efforts. Furthermore, an accurate assessment of tunnel 
vulnerability would provide guidelines on how to engage these targets 
in the most efficient manner. Our desired goal is to provide code 
modules capable of predicting munitions effectiveness against a broad 
spectrum of tunnel targets. The munition effectiveness depends on 
the functional disruption it creates in a particular target. Some of the 
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main mechanisms for creating such disruptions in an adit attack 
include adit blockage, debris impact, air blast, and in-structure shock. 
In this study, we focus only on the amount of rubble that falls inside 
the tunnel. Using a damage model, we predict the amount of rubble in 
three tunnel collapse experiments and describe how our calculations 
can be further extended. 

We used the two-dimensional hydro-code CALEl (see slide 1) in all 
our simulations. Although there are many other 2 and 3-D hydro- 
codes(2,3,4,5) available, we have chosen a 2-D code in order to be able 
to perform a large number of calculations in a limited time and have 
chosen CALE because of its automatic rezoning and damage model 
capabilities. We modeled two perpendicular cross-sections of the 
tunnel and combined the results to obtain a total rubble volume as 
follows: First, consider a cross-section perpendicular to the tunnel 
length, as shown schematically on the top of slide 2. The initial 
location of the High Explosive (HE) is outlined with a narrow rectangle. 
For each vertical increment above the tunnel, calculate the 
consolidated width of the damaged material. Next, consider a cross- 
section parallel to the tunnel, as shown schematically at the bottom of 
slide 2. For each vertical increment above the tunnel, calculate the 
consolidated length of the damaged material. Finally, calculate the 
volume by summing up the product of the length, the width and the 
vertical increment. 

An estimate of the error that is made by modeling an inherently 3- 
Dimensional problem using a 2-Dimensional code can be obtained in 
the limit of a very-large-diameter tunnel. In this case, the 
configuration is similar to that of a charge buried above a flat tunnel 
roof and the two damage cross-sections parallel and perpendicular to 
the tunnel become identical. If the rubble has the shape of a cone 
with a diameter D and height H, then both cross-sections are 
triangular. The reconstruction of the rubble volume from the 2-D 
modeling would predict a pyramid having a height H and a square 
base with side D. Slide 3 illustrates this reconstruction and shows two 
perpendicular cuts in a conical-shaped rubble. The hatched strips 
represent the length and width of the damaged zone at a given 
distance above the tunnel. By comparing the volumes of the pyrarnid 
to that of the cone, we find that the 2-D approximation would 
overestimate the volume by a factor of 4/n or about a 27% increase. 
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Failure model 

The failure model in the calculations is based on two main failure 
mechanisms for rocks: Failure in tension and failure in shear. Tensile 
failure, or spall, occurs when the most tensile principal stress exceeds 
some critical value. This mode of failure typically occurs near a free 
surface. Shear failure occurs when the equivalent plastic strain 
exceeds a critical value. This mode of failure typically occurs near the 
explosive. The model uses both criteria in advancing the damage 
variable from 0 (the unbroken state) to 1 (the completely broken 
state). Whenever the failure criteria are exceeded, the damage 
increases at a rate that is proportional to the elastic wave speed and 
inversely proportional to the characteristic distance across the zone. 
This simple rate law accounts for the fact that even if a zone breaks 
instantaneously, a certain amount of time must pass before this 
information can propagate to all comers of the zone. See slide 4 for 
the material properties and failure parameters used in the tunnel 
calculations. The model also accounts for the fact that once the 
material is broken, its ability to support shear stresses decreases. The 
yield strength of the broken material is smaller than that of the virgin 
rock; it increases linearly with confining pressure at a slope equal to 
the friction coefficient. The material properties of any computational 
zone are simply the linear combination of the zone's broken and 
unbroken properties. 

The incorporation of the two failure mechanisms in a continuum code 
allows for prediction of important features such as spall and cratering. 
The continuum model however has limitations. Although it may 
accurately predict the amount of damaged material and its initial 
evolution, it cannot model the interactions of discrete blocks and thus 
cannot be expected to predict the lateral transposition of blocks or 
their final positions. A comparison between discrete and continuum 
modeling in cratering events is discussed by Killian et &. 

The Nomav tunnels 

A total of 3 adit and 2 portal tests were conducted in 3 different 
tunnels in the Bjoemevatn open pit mine during August 1994. The 
explosive material was tritonal and its weight was 525 lbs (238 Kg). 
In table I below, we summarize the standoff distance from the center 
of the explosive (C.E.) to the roof of the tunnel. 
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Test # Site Test type Standoff (m) 
1 Jerntoppen Adit 2.8 
3 Sos tervann A Adit 7.0 

r 4A Sostervann A Portal 3.5 
5 

6B 

There are two distinguishing characteristics of the Nomay tunnels. 
First, the rock around the tunnels was water saturated and second the 
diameter of the tunnels was relatively large. Water saturation in 
rocks has been studied by Butkovich7 who demonstrated that at the 
same yield and depth of burial, vastly different ground motion is 
produced in rocks having different water contents. Broch8 studied a 
variety of Norwegian strong rocks including gneiss, and suggested that 
the physical basis for the reduction in shear strength from water 
saturation is due to a reduction in the free surface energy J and a 
reduction in the internal friction p. The effect of water saturation is 
threefold: reduce the shear strength of the rock, reduce its fracture 
toughness, and mitigate the anisotropy from joints. A reduction in 
shear strength produces larger amounts of rubble. A reduction in the 
fracture toughness produces a smaller average size of the rubble (d = 
K213). Mitigation of the anisotropy from joints means that modeling 
the rock as a homogeneous material using average properties for the 
rock mass is likely to predict reasonable estimates for the rubble 
volume. The detailed shape of the crater however, cannot be 
predicted without prior knowledge of the location and orientation of 
each joint in the rock. Such detailed knowledge is at best very 
difficult to obtain due to the fractal characterg of fracture spacing in 
rocks. Even if such knowledge could be obtained, it is unlikely to be 
available in actual cases of interest. For these reasons, we did not 
model any joints in our continuum calculations but rather we let the 
state of stress in the rock determine the subsequent failure. 

Sostervann B Adit 3.7 
Sostervann B Portal 4.0 

The second characteristic of the Norway tunnels is that the diameter of 
the tunnels was comparable to or larger than the standoff distances. 
The cross-sectional area of the tunnels was measured to be 22.3 m2 
and the effective diameter was between 4.5 and 5 m. For comparison, 
the 3 standoff distances for the adit experiments were 2.8, 3.7 and 7.0 
m. A large tunnel diameter relative to the standoff distance means 
that the free surface of the tunnel roof subtends a large solid angle. 
Since tensile failure occurs as a result of shock wave reflection from a 
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free surface, a large tunnel diameter indicates larger regions with 
tensile failure. 

The water saturation of the rock around the Norway tunnels, their 
relatively large size as well as the highly jointed nature of the rock 
(which we modeled using a low effective bulk modulus of 200 kb) all 
indicate that the predicted rubble volumes from our calculations are 
larger than the predictions that would be obtained for similar 
experiments in smaller tunnels surrounded with dry competent rock. 
The characteristics and implications of the Norway tunnels and a plot 
of the effect of water saturation on the strength of Norwegian gneiss 
are outlined in slide 5. 

Ouantitative medictions 

In this section we present the main results of the parameter studies 
that we performed. 

Effect of a non-spherical source: Our calculations indicate that the 
initial bomb configuration can be modeled as a spherical source as 
shown in slide 6. There are both practical and numerical reasons for 
this investigation. From a practical point of view, it is important to 
evaluate the effect of initiation location on the peak pressure ahead of 
the bomb and to understand the effect of the bomb aspect ratio in 
order to optimize its effectiveness. From a numerical point of view, if 
we can model the bomb as a spherical source, fewer mesh points 
would be required for any given resolution and the calculational cost 
becomes more manageable particularly in 3-D. Slides 7, 8, and 9 
compare the progression of pressure contours at 0.4,0.8, and 1.2 ms 
for the bomb configuration and a spherized source. Slide 10 shows the 
pressure contours from the bomb configuration at 1.6 ms. Slide 11 
shows that the peak pressure beyond 3 m is nearly independent of 
initial configuration and slide 12  shows the equivalent plastic strain (a 
major component of damage) for both the bomb configuration and a 
spherical source with the same explosive mass. The calculations 
indicate that although the shape of the damaged zone differ in the two 
cases, the actual volume of the rubblized material is nearly identical. 
The calculations also show more damaged material ahead of the bomb 
than behind it as indicated by the solid colors in the bottom half 
compared with the streaked coloring on the top. 
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DeDendence o n the scaled d istance to t he roof of the tunnd: Slide 13 
shows the calculated final damage contours for the three adit 
experiments. The standoff distance S and the volume V of the 
rubblized material are indicated on each of the three cross-sections. 
To calculate the rubblized volume for each standoff distance, we 
carried out two 2-D calculations parallel and perpendicular to the 
tunnel using the material properties shown in slide 4 and the 
summation procedure outlined in slide 2. We did not include a 
correction for a bulking factor in the volume calculations. That 
correction is small and is nearly canceled out by the fact that the 2-D 
approximation overestimates the volume compared with the more 
realistic 3-D calculations. For both standoff distances of 2.8 m and 3.7 
m, the calculations predict a blowout crater in which the shear failure 
near the explosive links up with tensile failure near the tunnel roof. 
For the largest standoff distance of 7.0 m however, there is a 
transition to a spall crater and a smaller amount of rubble volume. 

In order to minimize the computational cost, all the calculations were 
carried out using a volume bum of a spherical charge having the same 
explosive weight as the actual bomb. The effect of this approximation 
is to produce a blunt more rounded crater than would be predicted 
from simulating the actual bomb configuration. This approximation 
however has little effect on the prediction of the rubblized material's 
volume as can be seen from the equivalent plastic strain contours in 
slide 12. 

For the case where the standoff distance is 2.8 m, slide 14 shows the 
arrival of the shock front to the tunnel roof and its reflection off the 
free surface . The peak pressure when the shock hits the tunnel roof 
is slightly over 1 kb. The strong reflected wave, which reaches the 
explosive around 1.5 ms, generates tensile failure that links up with 
the shear failure near the charge. Slide 15 shows the progression of 
damage at early times. At 0.7 ms, all the damage is in the form of 
shear failure near the explosive. At 1 ms, tensile failure appears in 
the tunnel roof and at 1.5 ms, the shear and tensile failure begin to 
link up indicating a blowout crater. 

Slide 16 shows the calculated beginning of the tunnel roof collapse and 
the damaged region at 7, 14, and 21 ms. Notice the growth of the 
explosive cavity, the collapse of the roof and the near constant cross- 
sectional area of the rubblized material that is shown in lavender. 
Slide 17 is a cross-section parallel to the tunnel showing the damaged 
region also at 7, 14, and 2 1  ms. For the 2.8 m standoff distance, the 
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calculated amount of damaged rock reaches its asymptotic value 
around 14 ms. 

In slide 18 we present an alternate way to differentiate between an 
eventual blowout and a spall crater. The contours of downward 
velocities for standoff distances of 2.8 m and 3.7 m show that even 
after the tunnel roof has moved about 1 m, the material above the 
tunnel roof (shown in red) is moving faster than the material at the 
tunnel roof. This velocity gradient indicates that the material with the 
higher velocity will eventually push through the tunnel roof and result 
in a blowout crater. When the standoff distance was 7.0 m however, 
the peak downward velocity was at the tunnel roof suggesting that the 
material with the highest velocity will spall off the tunnel roof leaving 
competent material behind it. 

Dependence on the diameter of the t u n d :  To estimate the effect of 
the tunnel diameter, we calculated the amount of rubble that would 
fall in a small tunnel of cross-sectional area A = 5.58 m2 and a 
diameter approximately half that of the Norway tunnels. Slide 19 
shows that at a standoff distance of 2.8 m, the calculated volume V of 
the rubble that would fall in the small tunnel is 74 m3, compared with 
84 m3 for the Norway tunnel. At that small standoff, the damage 
contours indicate a blowout crater for both the small (A = 5.58 m2) 
and large (A = 22.3 m2) tunnels. 

When the standoff distance is 3.7 m, slide 20 shows that there is a 
significant amount of partially fractured rock (shown as a blue island 
in a lavender lake of fully darnaged rock) above the roof of the small 
tunnel. It is this partially fractured rock that indicates the near 
transition from a blowout to a spall crater as the standoff distance 
increases. The calculated rubble volume that would fall in the small 
tunnel at the 3.7 m standoff is 95 m3, compared with 126 rn3 for the 
Norway tunnel. 

Slide 2 1  shows the damage contours at a 7.0 m standoff for the small 
and large tunnels. Both calculations show a large region of undamaged 
rock between the explosive and the tunnel roof. The extent of the 
failed rock material is localized to two disconnected regions: shear 
failure near the explosive, and tensile failure near the tunnel roof, 
indicating a spall crater. The calculated rubble volume that would fall 
in the small tunnel at the 7.0 m standoff is 33 m3, compared with 59 
m3 for the Norway tunnel. 

7 



In Slide 22 we plot the calculated rubble volumes and crater depths as 
a function of standoff distance for both the small and large tunnels. 
The calculated crater depth is nearly independent of the tunnel cross- 
section A, but the rubble volume at large standoff scales with the 
square root of A. This is because the amount of rock that fails in 
tension is nearly proportional to the portion of the tunnel roof surface 
area which is exposed to large tensile stresses. That portion of surface 
area however, scales with the tunnel diameter and thus with the 
square root of the tunnel cross-section A. 

Test #* 
1 

The main points in this report are summarized below: 

Standoff (m) Depth (m) Volume (m3) 
2.8 4.9 84 

Using a 2-D hydro-code and modeling two perpendicular cross- 
sections of the tunnels, we have developed a technique to predict the 
amount of rubble fallout. 

3 
5 
1s 
3s 
5 s  

We used a damage model based on maximum equivalent plastic 
strain and maximum tensile stress and predicted the amount of rubble 
in 3 adit attack experiments. The results for water saturated 
fractured rock using 525 lbs of tritonal are summarized in the Table 11 
below: 

7 .O 1.0 59 
3.7 5.8 126 
2.8 4.9 74 
7 .O 1 .o 33 
3 -7 5.7 95 

Table 11: Calculated crater depths and volumes 

Tests designated with S are for small tunnels (cross-sectional area A = 
5.58 m2), otherwise A = 22.3 m2 

The peak pressure beyond 3 m is nearly independent of the initial 
bomb configuration. 



Our calculations of the Norway tunnels predict a transition from a 
blowout to spall at a standoff distance between 3.7 and 7.0 m. 

0 For a small 2.5 m diameter tunnel, we predict 12% less rubble at 2.8 
m standoff, 25% less rubble at 3.7 m, and 44% less rubble at 7.0 m. 

Shear strength, water saturation, air filled porosity, and tensile 
strength are the main rock parameters that determine the amount of 
rubble. 

Feedback from the experimental results is crucial for development 
and refinement of calculational models 

Comments and recommendations 

When all the results of the experimental program are collected and 
described in a report, the field data may be used to refine our 
constitutive models and failure criteria. With a calibrated model, it is 
then straight forward to predict with a high degree of confidence what 
would happen in larger tunnels at various standoff distances. 

All the calculations described in this report were done using a 2-D 
code. While a great deal of insight may be gained from these 
calculations, they are inherently limited to a single charge and cannot 
predict the amount of rubble in a portal attack. In order to calculate 
the effect of multiple charges or predict the damage in more 
complicated geometries, a 3-D code is generally required. 

As a follow up on this work we recommend the following: 

Redo some of the tunnel calculations in 3-D and compare predictions 
with the available data to improve the predictive capability. 

3-D calculations of multiple charges to determine the effect of 
number of charges and charge separations on peak pressure and 
impulse on target in real geologies. 

Investigate the effect of various rock material properties on the 
amount of rubble and develop calibrated constitutive and failure 
models for a variety of rocks. 
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The hydrocode solves the dynamic equations of motion subject 
to the materials response and conservation of mass and energy 

Initial 
Conqitions 

Momentum 

0.. rl ,J  . + pb, 1 = pX i 

Mass conservation 

PJ =Po 
Energy conservation 
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HI 
For very large* tunnels, the error from 2-D 

modeling is small 

+ 

Vo I um e2D D ~ H  
f: 1.27 - - 

VolumesD x2 ~ G D ~ H -  

* Large relative to standoff distance 

Slide 3: Error estimates for large tunnels from 2D modeling 



Rock constitutive model for tunnel calculations 

20 1 1 1 1 , , 1 , 1 1 1 1 , 1 1 1 1 1 1  

15  1 

0 5 0  100 150 200 
Pressure (kb) 

Bulk modulus = 200 kb 
Poisson's ratio = 0.25 
Air filled porosity = 0 

Damage calculations: 

Failure parameters: 
Equivalent plastic strain = 5 % 

Maximum tensile stress = 100 bars* else 
*For Westerly granite Glenn and Janach measured 83 bars 
using the pinch test and 114 bars using the Brazilian test 

D = O  

Slide 4: Material properties and failure parameters 



w Norway tunnels: Characteristics and implications 

Characteristics; 

The rock around the tunnels was water saturated 
- Reduction in shear strength 

- Reduction in fracture toughness 

- Mitigation of joint spacing and orientation 

The diameter of the tunnels was comparable to 
or larger than the standoff distances 

Physical basis: Decreased J and p 

d a K2I3 

Y G O  
0, 

- Importance of free surface 

Imdications; 0 20  4 0  

Larger rubble volumes predicted from Norway 
tunnels compared with smaller tunnels in dry rock. 

P (MPa) 

(Data in the graph is from E. Broch, Norwegian Institute of Technology, Trondheim, Norway) 

Slide 5: Characteristics and implications of the Norway tunnels 



The initial bomb configuration can be modeled as a spherical 
source 

inder, 
on top 

Tritonal 

D = 0.652 c m / p  

!re, 
burn 

Why do it? (Numerical and practical reasons) 

How does peak pressure at a given distance d, differ in the two cases? 

How does rubble volume differ in the two cases? 
Slide 6: modeling the initial bomb configuration 
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w Highest peak pressure is ahead of the bomb nose 

Largest pressure = 15 kb 
Front location = 1.3 m 

Pressure at front = 15 kb 

6:l cylinder, 
ignition on top 

Largest pressure = 8 kb 
Front location = 1.5 m 

Pressure at front = 4 kb 

I 

? 
I. 

j Sphere, 
! volume burn 

Slide 7: Pressure contours at 0.4 ms 



E! Initial shock front depends on bomb aspect ratio and ignition point 

Largest pressure = 3.6 kb 
Front location = 2.5 m 

Pressure at front = 2.0 kb 

6: 1 cylinder, 
ignition on top 

Largest pressure = 2.8 kb 
Front location = 2.7 m 

Pressure at front = 1.6 kb 

'1 
'i 

Sphere, 
volume burn 

Slide 8: Pressure contours at 0.8 ms 



Front location = 3.7 m 
Pressure at front = 0.75 kb 

Front location = 3.9 m 
Pressure at front = 0.64 kb 

6: 1 cylinder, Sphere, 
volume burn knition On top Slide 9: Pressure contours at 1.2 ms 
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-1 The front is nearly spherical at a distance equal to 3 times the 
length of the bomb 

R 

Bomb: 
Largest pressure = 2.2 kb 

Front location = 5.1 m 
Pressure at front = 0.4 kb 

Sphere: 
Largest pressure = 1.7 kb 

Front location = 5.4 m 
Pressure at front = 0.4 kb 

Slide 10: Pressure contours at 1.6 ms 



Peak pressure beyond 3 m is nearly independent of initial 
configuration 

10 
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(1 
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I I I I  I I I I  

t 
I I I I  1 1 1 1  

..................................... .: .................................... 

1 

Propagation in 
water saturated rock 

I Shock arrival times are d i f fere4  
I for the two calculations 1 

0 
1 2 3 4 5 6 7 

Distance from CE (m) 
Slide 11: Dependence of peak pressure on distance from center of explosive 



Final volume of damaged rock is nearly independent of initial 
explosive configuration 

6: 1 cylinder, 
ignition on top 

Sphere, 
volume burn 

Slide 12: Plastic strain contours at time = 1.6 ms 



The calculated transition between blowout and spall occurs at a 
standoff distance between 3.7 and 7 m 

s = 2.8 m 4 

it v = 8 4 m 3  

4 2 0  

10 
S = 3.7 m 

V=126m3 
S 

8 

6 

4 

2 

0 

4 2  0 

10 

8 

6 

4 

L 

0 

4 2 0 

Slide 13: Damage contours for the 3 adit experiments 



At 2.8 m standoff, calculations show that a very 
strong shock reaches the tunnel roof 

0.7 ms 1.0 ms 1.5 ms 

Slide 14: Pressure contours showing reflected tensile wave 



Calculated cross section for a 2.8 m standoff indicates early link 
up of shear- and tension-failed zones 

.. 

0.7 ms 1.0 ms 1.5 ms 

Slide 15: Calculated damage progression at 3 different times for the 2.8 m standoff 
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El 
The calculated amount of damaged rock reaches 

an asymptotic value (Standoff 2.8 m) 

I’ 
7 ms 14 ms 

Slide 16: Damage contours perpendicular to the tunnel 

21 ms 



E! The calculated amount of damaged rock reaches 
an asymptotic value (Standoff = 2.8 m) 

21 ms 

Slide 17: Damage contours parallel to the tunnel 



rc 
0 

d m  0 

0 
r( d m o  

0 

m 

d 

0 

m. 

v) 
Q) u 
E 
erl 

W 

Y 
v) 
.I 

cc 
Ccl 
0 
U 
E 
erl 
Y 
v) 

L 
0 cc 
m 
Q) 
Y 

0 
0 
Q) * 

.I 

.I 

I 

.. 
2 
Q) 
W 
.I 

iij 



Calculated fractured rock at a 2.8 m standoff indicate a blowout 
crater for both the small and large tunnels 

Small tunnel, A = 5.58 m2 Large tunnel, A = 22.3 m2 

-2 0 2 -2 0 2 

v = 7 4 m 3  V = 8 4 m 3  

Slide 19: Damage contours at a 2.8 m standoff for a small and a large tunnel 



t Calculated fractured rock at a 3.7 m standoff indicate a near transition 
for the small tunnel and a blowout crater for the large tunnel i 
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Slide 20: Damage contours at a 3.7 m standoff for a small and a large tunnel 



Calculated fractured rock at a 7.0 m standoff indicate a spall 
crater for both the small and large tunnels 
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Slide 21: Damage contours at a 7.0 m standoff for a small and a large tunnel 
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Calculated crater depth is nearly independent of the tunnel cross 
section A, but rubble volume at large standoff scales with a 

Slide 22: Calculated rubble volumes and crater depths in water saturated hard rock 


