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ABSTRACT

Due to the progressive development of military destructive weapons such as conventional weapons, a
consequence development of the fortified structures is essential. One of the most important types of the
fortified structures is tunnel in rock media. A numerical simulation of ground shock from detonations in
rock is extremely demanding, requiring hydrodynamic computer codes, combined with non-linear
dynamic codes based on discrete elements, discrete fracture and finite elements, which is a very complex
approach.

The basic premise of this work is studying the response of tunnels in rock-media exposed to high
explosion loads, which help the designers and military engineersin estimating displacements, stresses and
over al damage in the tunnels due to wave propagation generated by that explosion loads. The numerical
analysis is carried out using finite element technique, the commercial software package, AUTODY N;
version 4.3 was used to perform three-dimensional nonlinear dynamic analysis used in this study. This
program is probably the most extensive code dealing with explosive loads in the world.

This paper, gives an overview of simpler approach, based on the use statistically treated of the finite
element results with physical principles and analytical solutions to idealized cases. This approach mostly
ends up in easy to use closed form prediction eguations, which thus constitute a rational tool for practical
solution of commonly encountered ground shock problem. In this study, simple equations are developed
for different responses of rock tunnel in different parameters based on a regression analysis of the results
of a 72 3D-F.E. models.
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1- FINITE ELEMENT VALIDATION

One of the most important problems in modeling dynamic non-linear problem is the performance
of the used material model in handling the non-linear behavior of the rock under failure conditions.
However, the elastic-plastic material model for rock is generally accepted to model the non-linear
behavior. There are alarge variety of models, which have been proposed in recent years to characterize
the stress-strain and failure behavior of rock media. The common relatively simple material models with
yield surface are Von Mises [13], Mohr-Coulomb [5] Johnson-Holmaquist [7], and RHT models [11]. The
performance of the four material models in characterizing the stress-strain and failure behavior of rock
media has been investigated for a field test with available measurements. A comparison between
AUTODYN finite element models results and the field test measurements is performed for the four
material models.
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1.1 Description of the Field Test Problem

The selected problem to be investigated is a field-blasting test carried out at the granite site by
Zohu [15]. The field layout, as shown in Fig. 1, consists of a step charge hole with a total depth of 11m.
The upper 6m of the charge hole has a diameter of 1.5m and the bottom 5 m has a diameter of 0.8m. The
measuring point was placed at 25m distance from the charge hole center. The test is carried out with an
equivalent TNT charge weight 50 kg.

1.2 Axial Symmetric Finite Element Calibration Model

The finite element program AUTODY N is used to create finite element models for the previous field
test problem [15] using the above four material models. The used finite el ement mesh is shown in Fig. 2.
A brief description of the modeling procedures for different parts of the problem is presented as follows:

1.2.1 .Airand TNT
The numerica modeling, air and equivaent explosive TNT are simulated by 200 elements Euler
processor mesh and are assumed to satisfy the equation of state EQS of ideal gas and EQS of JWL
respectively, second form is known as the “Jones - Wilkins - Lee” (JWL) equation of state, standard
constant of air and TNT are from the AUTODY N.

1.2.2 Rock and concrete
Rock and concrete are simulated by 3040 elements of Lagrange processor as illustrated in Fig. 2,
Transmitting boundary is used to reduce reflection of stress wave from the numerical boundaries. The
material constants of the rock mass obtained from site investigation are used in the numerica simulation.
These include Poisson’s ratio of the granite ¥=0.16; averaged mass density of granite 2650 kg/m®; the
elastic modulus of undamaged rock materia is estimated to be 93.87Gpa; average uniaxial compressive
strength is 175Mpa, average tensile strength is 17.5Mpa where the equivalent critical tensile strain
1.,=0.000275. Concrete standard constants are used in the concrete mode!.
Four strength models are used in this study, and general comparison between different material modelsis
illustrated in Table 1, such as arrival time, peak particle acceleration and frequency. Fig. 3, Fig. 4 and
Fig.5 Fig.6 shows the field result acceleration and the computed acceleration time history by using Von
Mises, Mohr-Coulomb, Johnson-Holmquist, and RHT material models respectively, at target point (25m
from the detonation).

From table 1 and from Fig.3 to Fig. 6, it is clear that, RHT-material model has the perfect match with
field resultsin terms of arrival time, peak amplitudes and frequency.

1.3 Three-Dimensional Finite Element Calibration Model

In order to verify the result obtained by the axial-symmetry F.E. model, a three-dimensional F.E.
mode! is created for the same field test problem by using RHT material model. A quarter of the problem
was modeled for symmetry as shown in Fig.7. The same boundary condition and load case were applied
to this moddl. The acceleration-time history at the same target point of the axial-symmetric moded is
shown in Fig.8, where the result has a good agreement with the field-measured data.

3 FINITEELEMENT ANALYSIS

The general view for vertical side wall tunnel is shown in figure (9). Since the problem is symmetric
about the X, Y-axes and for saving time, only a quarter of the domain is taken as the computation model.
The model dimensions in the X, Y-axes are 5R and 7.5m respectively. The non-reflection boundary is
given by transmitting the boundary conditions at ambient rock masses, the plan X=0 and Y=0 are treated
as symmetric boundary.
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Materia properties for poor, moderate and hard rock, adopted in these models are shown in table (1).
The values of strength and moduli are determined from numerous references [3] , and [6]. The rock is
assumed to be continuous, isotropic and homogeneous medium. RHT brittle material model is used for
characterizing the nonlinear behavior of the rock.

In order to demonsgtrate the effect of tunned radius (R) on the response of tunnel, three spans are used;
3m, 4.5m, and 6m. Also, the effect of crown-detonation distance (D) is studied by using three distances
between charge and tunnel crown; 10m, 15m and 20m as shown in figure (9).

For al cases, an explosion of 2500 kg of TNT at 3.25m-distance bellow ground surface is applied.
Three points, crown, spring and invert point are used to study the displacement and internal forces. Table
(3) shows the general response for twenty seven cases.

The tunnel span 9m is used to investigate the charge effect with the different rock properties and different
crown detonation distances where the charge weight varies from 0 to 2500 kg TNT, the tunnel response
for these cases are shown in table (4).

4- NONLINEAR REGERATION
The commercia software Data Fit [2] is used to determine the best-fit parameters for a model by
minimizing a chosen merit function. The process is to start with some initial estimates and incorporates
algorithms to improve the estimates iteratively. The new estimates then become a starting point for the
next iteration. These iterations continue until the merit function effectively stops decreasing.
Displacements anaysis and plastic strain are performed, while stresses and displacement of steel lining
are performed. The following symbols are used in the predicted equations:
beonn : Peak displacement at tunnel crown (cm)
foing : Peak displacement at spring (cm)
e Peak displacement at invert (cm)
b : Failure displacement at tunnel crown (cm)
Aqonn . PEAK Strain at tunnel crown
ts : Steel lining thickness (cm)
te : Concrete lining thickness (cm)
O . Maximum stressin stedl lining (M Pa)
E :Modulus of dasticity of rock (GPa)
Q :Charge weight (kg)
Ds  :Thefailure crown-detonation distance (m)
R : The tunnd radius for circular section or half span for VSW tunnél (m)

4.1 For the 2500kg TNT Charge Weight

Based on finite element results in table (2), the predicted equations for tunnel without lining are
accomplished asin table (5), these equations can be used only for 2500 kg TNT.

The predicted equation of peak plastic strain at tunnel crown is shown in the following equation

0.14.R
e =28 S
crown 0.377D+0.056E

€

4.2 Charge Effect and General Equation

The responses for 45 case of VSW tunnel under different charge weights from 0 to 2500 kg TNT are
shown in table (4). Based on these results, the predicted equations for tunnel without lining are
accomplished as in table (6), these equations can be used for any charge weight from 0 to 2500 kg TNT.
The predicted equation of peak plagtic strain at tunnel crown is shown in the following equation:
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5- CONCOLUSION

From this study, simple equations are developed. These equations show a good agreement with the
results of the finite element complicated models. Designers can use these equations in the preliminary
study for different tunnel projectsin rock media.
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Table (1) %Matching of finite element responses with material models and field measurements

O

Comparison %
Geometry - Peak Amplitude (PPA)
model Material Model Arrival time Frequency
Negative Positive
Axial Von Mises 95 150 89 118
of ’;,m ohr-Coulomb 95 132 89 100
Model Johnson- 95 167 97 100
Holmquist
RHT 95 134 98 109
3-DMODEL RHT 95 133 97 118
Table (2) Rock properties
Rock Rock Modulus
; . : Bulk Shear Unc.
Rock Qua_llty Ma_ss Density OT . Pom_on Modulus Modulus Com. Failure
Design Ratting ¥ elasticity ratio .
Type 3 K G Strength Strain
(RQD) (RMR) t/m E T Gpa Gpa Mpa
% % Gpa P P P
Hard 90 85 2.75 70 0.23 43.21 28.45 100 0.0025
Mod. 50-75 65 2.4 30 0.25 20 12 25 0.005
Poor 25-50 44 221 8.5 0.3 7.083 3.27 10 0.0075

Table (5) The displacement predicted equations at crown, spring and invert for 2500 kg TNT
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Table (6) The genera displacement predicted equations at crown, spring and invert

Ol

. Standard Error
Dlspl(icme;nents Error
(cm) %
30 0.8
— R 1
O.. =18.14eP. ) Q yieu 0.2 124
crown 14
D '(0.3E+0.9)** " 2500
1 Q 1135
a-SPring =5.97 g0-0051D+0.331R+0.036E ( 2500) 0.05 13
0.119R
5 S i e ( Q \ 0.8 JaYayle) 10
ST -spring =T L0.1D+0.02E \ 7
o e = 2500 Standard Deviation
{oeattons S —Fhepredictedeuations er--ot %
- e Q —6or (o) e o Table (3) Peak
Vertical displa@hmem & oM eP8r-00%8h 4_%’%) 1 0497 1212 response of
(cm) crown 7 or:¢nn>l4 VSW tunnd
Vertical displacement at spring | 5 _cg7 1 0137 196 under 2500kg
(cm) spring = 1 00010 +0.33IR-0036E. : ' TNT explosive
. . 0.119 R
Horizontal displacement at _ e
spring (cm) On -spring T 1.3 g0 1D +0.02E 0.063 226
Vertical displacement at invert _ el 0% D
(cm) Ot 5.08 g0/ R+0.028 E 0.098 253
Rock PPD Vertical PPA Vertical PPD.H PPA.H Ref.
Span | D(m) (cm) (m/s) (cm) (m/s?
(m) CRW. | sPr. | INv. | CRw. SPRI. | INV. SPR. SPR.
Poor 13.8 1.71 13 5669 4623 690 0.65 3532 V3P10
10 Moderate 301 | o523 | 053 | es2 | %8 | 1864 | 0405 | 1817 | vamio
Hard 094 | 041 0273 | 14260 | M | 3031 | 0253 | 1844 | vaHi0
Poor 3.73 1.49 13 3445 3150 559 0.33 2205 V3P15
15 Moderate 1.03 0.55 0.56 5998 3669 1542 0.215 2262 C3M15
Hard 041 | 043 | 038 | 12000 | ¥ | 2142 | 0062 | 1096 | vaHis
Poor 2.33 1.45 13 2704 2153 605 0.123 1544 V3P20
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Moderate 079 | 0612 | 0614 | 5738 | 2P | 1100 | 0.086 85 | cavzo
Hard 042 | 0423 | 043 | 7547 | 32 | 1340 | o035 842 V3H20
Poor 23 | 001 | 058 | soa9 | 369 | s 07 2652 | vap10
4160
10 Moderate 41 | o025 | 018 | o075 1139 | o046 1493 | vam10
Hard 16 | ooss | %% | 14030 | ¥ | 183 | o3 1703 | wvar10
2560
Poor 520 | 094 | 068 | 3753 556 | 048 1828 | vaPis
2822
15 Moderate 121 | 035 | 033 | 6414 869 | o285 | 1284 | vamis
. Hard 03 | 0247 | 0266 | 11300 | 370 | 1412 | 0077 874 VAH15
808
Poor 266 | 095 | 0765 | 2875 500 | 031 1303 | varzo
20 Moderate 0664 | 0355 | 0357 | 490 | 8 | 777 | o1 102 | vam2o
Hard 0285 | 0275 | 0277 | 7074 | 2° | 1066 | 0.054 698 VAH20
2527
Poor 204 | o061 | 0311 | s802 374 | os2a | 1703 | verio
10 Moderate 54 | 019 | 008 go5 | 8185 | a7 | o4ss | 1139 | vewm1o
Hard 217 | 007 [ 0027} 1610 | 339 | 1501 | o036 1463 | VeH10
2337
Poor 692 | o584 | 032 | 3884 358 | o633 | 1459 | vepris
15 Moderate 145 | 019 | %8| 6s6 | 21 | 740 | 0204 | 1069 | vemis
» Hard 0285 | 0146 | 0138 | 11460 | %1% | 954 | o079 835 | veHis
502
Poor 323 | 0615 | 039 | 3086 a5 | om 1205 | Vver20
20 Moderate 0706 | 0226 | 0192 | 4606 | 50 | 757 | o165 833 | vem20
835
Hard 021 | 0157 | 0148 | 7033 819 | ooss 775 | veH20
Table (4) Response of VSW tunnel under different charge weights
Mod- E D 0 _ , il
el (Gpa) (m) (kg) p‘ P+ a'crown a'sprmg a'|nven a'H 'spring |“p—crcwvn “p—crown/ﬂf
1 85 | 10 | 0 0 0 0 0 0 0 0 0
2 85 | 10 | 417 | 249 | 0784 1 0111 | 008 0.136 0.00295 0.393
3 85 | 10 | 833 | 25 | 127 | 3822 0261 | 0.15 0.36 0.01616 2154
2 85 | 10 | 1250 | 2.435 | 1.69 713 0416 | 0.081 055 0.04 5333
5 85 | 10 | 1667 | -1.96 2 1 0.582 0.4 0.656 0.055 7.333
6 85 | 10 | 2500 | 26 2.4 223 0.91 058 0.7 0.075 10
7 85 | 15 | 0 0 0 0 0 0 0 0 0
A 85 | 15 | 417 | 1322 | 0612 | 0343 0116 | 0.012 0.09 0.000151 0.020
9 85 | 15 | 833 | -1.853 | 115 .02 0236 | 023 0.19 0.00203 0.270
10 85 | 15 | 1250 | 2.016 | 1.041 | 1.991 045 | 0355 | 0311 0.00378 0.504
1 85 | 15 | 1667 | -1.996 | 1.107 | 2.984 063 | 0472 | o0.381 0.00553 0.737
0 85 | 15 | 2500 | 2.1 | 104 529 0.94 0.68 0.48 0.01133 1510
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13 8.5 20 0 0 0 0 0 0 0 0 0
14 8.5 20 417 -0.746 1.02 0.24 0.14 0.167 0.1 0.000025 0.003
15 8.5 20 833 -1.15 1.176 0.607 0.281 0.22 0.123 0.000192 0.025
16 8.5 20 1250 -1.467 1.353 1.1 0.466 0.465 0.177 0.000717 0.095
17 8.5 20 1667 -1.736 1.7 1.603 0.624 0.57 0.221 0.00106 0.141
18 8.5 20 2500 -1.8 2.78 2.66 0.95 0.765 0.31 0.00144 0.192
19 30 10 0 0 0 0 0 0 0 0
20 30 10 417 -3.8 0.632 0.161 0.031 0.024 0.032 0.000122 0.024
21 30 10 833 -4.96 1.64 0.508 0.06 0.04 0.08 0.00142 0.284
22 30 10 1250 -4.7 2.74 1.19 0.097 0.05 0.24 0.00376 0.752
23 30 10 1667 -4.96 1.5 1.95 0.135 0.12 0.35 0.01337 2.674
24 30 10 2500 -5.5 1.88 4.1 0.25 0.18 0.46 0.022 4.4
25 30 15 0 0 0 0 0 0 0 0 0
26 30 15 417 -1.97 1.04 0.081 0.054 0.055 0.0246 0.0000012 0.00024
27 30 15 833 -3.13 1.82 0.208 0.123 0.124 0.054 0.000126 0.0252
28 30 15 1250 -4.07 1.87 0.39 0.14 0.15 0.0977 0.000625 0.125
29 30 15 1667 -4.683 1.82 0.6 0.181 0.19 0.133 0.0015 0.3
30 30 15 2500 -4.43 2.34 1.21 0.29 0.25 0.285 0.002 0.4
31 30 20 0 0 0 0 0 0 0 0 0
32 30 20 417 -1.01 1.15 0.04 0.1 0.08 0.0036 0 0
33 30 20 833 -1.76 2.19 0.165 0.134 0.123 0.058 0.000015 0.003
34 30 20 1250 -2.4 2.84 0.276 0.2 0.2 0.0791 0.000412 0.0824
35 30 20 1667 -2.8 3 0.375 0.233 0.251 0.091 0.00015 0.03
36 30 20 2500 3.62 3.43 0.664 0.355 0.357 0.12 0.00055 0.11
37 70 10 0 0 0 0 0 0 0 0 0
38 70 10 417 -4.833 1.31 0.052 0.015 0.02 0.0161 0 0
39 70 10 833 -8.33 0.876 0.12 0.03 0.032 0.029 0.00002 0.008
40 70 10 1250 -11 1.28 0.254 0.117 0.118 0.05 0.000164 0.0656
41 70 10 1667 -12.9 2.186 0.967 0.0656 0.059 0.22 0.006 2.4
42 70 10 2500 -14 7.72 1.6 0.088 0.04 0.3 0.00783 3.132
43 70 15 0 0 0 0 0 0 0 0 0
44 70 15 417 -2.52 2.09 0.032 0.0136 0.016 0.0076 0 0
45 70 15 833 -4.3 3.74 0.064 0.047 0.047 0.0248 0 0
46 70 15 1250 -6 3.77 0.124 0.1164 0.118 0.0355 0 0
47 70 15 1667 -7.42 4.16 0.175 0.155 0.158 0.05 0.000024 0.0096
48 70 15 2500 -9.63 4.47 0.3 0.155 0.266 0.077 0.00021 0.084
49 70 20 0 0 0 0 0 0 0 0 0
50 70 20 417 -1.21 14 0.0228 0.01662 0.018 0.0095 0 0
51 70 20 833 -2.57 2.42 0.0512 0.0536 0.056 0.024 0 0
52 70 20 1250 -3.8 4.1 0.136 0.14 0.142 0.031 0 0
53 70 20 1667 -4.5 5 0.2 0.1 0.1 0.04 0.00001 0.005
54 70 20 2500 -5.95 6.5 0.29 0.09 0.08 0.05 0.0000275 0.011
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