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Abstract: In the study of the effects of explosions,
including bomb detonations, the analysis of shock
wave propagation within tunnels is of critical
importance. As shock waves traverse tunnel sections
with varying cross-sectional geometries whether
expanding or contracting the pressure distribution
undergoes significant changes.

This paper systematically investigates the
distribution of shock wave pressure in tunnels and
regions with cross-sectional through
numerical simulations conducted using ANSYS
Autodyn 3D software. The obtained simulation results
are compared with calculations derived from
empirical formulas. Numerical analyses reveal that
the discrepancy between the two approaches ranges
from 3% to 33%, which is considered an acceptable
margin of error in the study of shock wave
propagation.
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Toém tét: Trong quaé trinh nghién ctru tac déng cua
bom hodc céc vu né xay ra, viéc phan tich sw lan
truyén cda séng xung kich trong dwong ham la diéu
hét strc cén thiét. Khi séng xung kich di chuyén qua
céc doan duong hdm cé s thay déi vé mét tiét dién,
du la mé réng hay thu hep, gié tri 4p suét ctuia séng
sé bién dbi ro rét.

Bai bao nay tap trung khdo sét sw phén bd éap
suét clia séng xung kich lan truyén trong duong hadm
va khu vurc cé bién déi tiét dién, théng qua viéc st
dung phan mém Ansys Autodyn 3D. Két qua mod
phdéng thu duoc sé dwoc so sanh véi két qué tinh
toan theo céng thirc thuc nghiém. Céc thir nghiém sé
cho thdy sw chénh léch giita hai phuong phép ndm
trong khodng tir 3% dén 33%, mot mirc sai s6 ¢6 thé
chép nhan duoc trong nghién ciru sw lan truyén séng
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xung kich.

T khoa: séng xung kich, mét cat ngang duong
hém, thay déi méat cat, gia tri 4p luc, Ansys Autodyn
3D.

1. Introduction

Explosions within confined environments such as
tunnels generate shock waves that present
significant risks to both structural stability and human
safety. Accurately understanding the behavior of
these shock waves particularly as they travel through
regions where the tunnel cross-section changes is
essential for designing effective blast-resistant
infrastructure. Changes in tunnel geometry, whether
through expansion or contraction, can lead to
substantial variations in pressure distribution,
influencing how the structure responds to the blast
load.

Regarding the determination of shock wave
pressure values in regions with varying cross-
sections, documents [1, 2, 3] have provided empirical
formulas. However, for points at distances three
times of tunnel diameter, where a diffraction zone of
the wave appears, no existing documents have
addressed this issue. Therefore, this paper focuses
on utilizing the Ansys Autodyn software application to
accurately determine the pressure values at points
within the diffraction zone.

2. Methology
2.1 Assumptions

To simplify the
assumptions are adopted:

analysis, the following

- Only shock wave propagation and its influencing
factors are considered,;

- The structure is treated as a perfectly rigid body,
unaffected by the blast load;
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- For surface-level explosions, the shock wave is
assumed to propagate as a hemispherical front, and
the impact of debris on the structure is neglected;

- The direction of shock wave propagation is
perpendicular to the tunnel’s cross-section.

Based on these assumptions, the following
computational conditions are applied:

- Shock wave parameters are determined using
empirical formulas for ground-level explosive
charges;

- The shock wave propagates through air in a

AP 0¢

hemispherical pattern;

Structural
resulting from shock wave
included in the analysis.

deformation and displacement
interaction are not

2.2 Experimental formulas serving to calculate
the propagating shock wave pressure valuein the
changing cross-section [1,2,3]

When a bomb detonates at a distance Ro from
the road (Fig.1). At a point at a distance from the gate
of the tunnel y, the over-pressure is calculated
according to the following formula:

C

¢

'yz“l{RS(

there:

Ro is the distance from the center of the explosion to
tunnel gate (m);

C is the weight of explosive charge (kg);

AP

+if, AP, =100(kG/cm?) .

o, =13

Other values of au are determined by interpolation;

+ if no reflection effect is taken into account, then ou=1;

04R, +y) \RZ(0.4R,+y)

oY

|

APoy: over-pressure at the calculation point (positive
phase) (kGlcm?);

a1 is the factor that takes into account the effect of
reflected pressure at the passageway:

r, =1(KG/cm?) o, =2

y: Distance from the doorway to the measurement
point (m).
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R

R

Fig.1.The Bomb exploded at Ro road section

2.2.1 Propagation of the shock waves from narrow
to large cross-sections [1,2,3]

For scenarios involving an expanded cross-
section (fig.2.a), as the shock wave propagates
through the tunnel, the pressure value will decrease.
This value can be determined by the formula (2):

AP

o = APy

()
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where a is the decline pressure coefficient:
St

e

S: is the area of the narrow tunnel cross-section,
m2;

Sz is the area of the large tunnel cross-section,
m2;

y*: Distance to form wave pressure in a variable
cross-section (m).

®3)
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Fig.2. Propagation of shock waves in the tunnel with narrowed or enlarged cross-sections

2.2.2 Propagation of the shock waves from large
sections to narrow sections [1,2,3]

In the scenario involving a reduced cross-
sectional area (Fig. 2.b), the propagation of the shock

ty

2
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wave results in an increase in pressure, which is
quantified by Equation (4):

APy =B-AP, 4)

AR,

a4l

60 80 (kGfem?

Fig.3. Graph to determine frontal penetration coefficient Q>

in which the pressure increase coefficient § is
determined as follows:

If d2 = 2d1 is considered to be frontal penetration
coefficient. Then = Q;

in which Q2 is the frontal penetration coefficient
depending on the incident wave pressure APy,
determined according to the graph in fig.3;

If di = dz2 then clear § = 1;

If d1 <d2 <2d:. Value  is interpolated between the

above two cases;

di, d2 are the equivalent diameters of tunnel
cross-section 1 and 2 respectively;

y*: Distance to form wave pressure in a variable
cross-section (m).

2.3 Determining the shock wave pressure value
propagating in a tunnel with variable cross-
section by using software Ansys Autodyn3D
2.3.1 Material parameters

This study investigates the impact of surface
explosions located 15 meters from the tunnel gate,
focusing on pressure propagation and structural
response. The explosive charge: Ctnt = 214 kg. The
explosive charge is placed on the ground.
Environment: Infinite air.

Atmospheric environment: use equation of state
of ideal gas [4,5,6] as formula (5).

P=(y-1)-p-e (5)
P - gas pressure (Pa); p - gas density (kg/m3);

yv- ideal gas constant (kg/m?3); e - specific energy
of the gas (J/kg.°K).

Table 1. The coefficients of the equation of the ideal gas state

p (kg/m?) v (kg/m?)

Temperature (°K) e (J/kg.°K)

1.225 1.4

288.200012 717.599976
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Explosive products: use equation of state of JWL) to calculate pressure values of explosion (p),
explosive products Jones-Wilkens-Lee (abbreviated  this is semi-experimental equation [4,5,6]:

p=Al1--2 |e®vB[1--2 e’RZV+CO;E (6)
R,V R,V Y

there: the constants A, B, Ri1, Rz, ® for TNT  of TNT explosives (po= 1630kg/m?3); E is energy per
explosives are presented in Table 2; p is the pressure  unit volume (E =6.0-10° kJ/m3); explosion pressure Pc;
(kPa); V=1/po is the specific volume; po is the density = 2.1-107 (kPa); explosive speed: vcs = 6930 (m/s).

Table 2. Coefficients of the JWL equation of state
Coefficients of the JWL equation of state
A (kPa) B (kPa) R1 Rz ®
TNT 3.7377-108 3.7471-10° 4.15 0.9 0.35

Explosive type

Tunnel: tunnel with cross-section (fig.4) be  structure lining material is reinforced concrete with
modelled in Ansys Autodyn3D as fig.5. Tunnel the strength of 35MPa.

B 2
&
L% )
Pressure g
Gaugue Sl - Pressure
) e 2 Gaugue
o
300 { 400 { 800 [3uc “
] 1500 10
1800 o
S1=2.486m? d1=1.78m S2=10.066 m?;d2 =3.58 m
Fig.4. Tunnel cross-section profiles
0 5e+003 124004 (mm)
25e+003 7 5e+003
Fig.5. Modelling in Ansys Autodyn3D
2.3.2 Procedure performed with Ansys 3D allowing for accurate modeling of shock wave

In this study, the geometric model consists ofa3D  behavior in an unbounded medium. Shock wave
representation of a tunnel surrounded by infinite air, ~ Pressure values are calculated at various distances
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(R) from the center of the TNT explosive charge.
Given the significant element distortion expected
during the simulation, an Arbitrary Lagrangian-
Eulerian (ALE) mesh is adopted to leverage the
strengths of both the Lagrangian and Eulerian
approaches. The initial and boundary conditions are
defined by excluding external influences on
detonation and assuming a complete, stable

explosion initiated at the center of the charge. The
shock wave is propagated under the assumption of
steady explosion velocity. Time steps and solution
cycles are configured appropriately to ensure
numerical stability. Following the simulation run, the
results are post-processed and analyzed to evaluate
shock wave pressure distribution and validate
against reference data.

Parameter declaration of materials (structure, explosive block, environment)

) 2

Select the element grid (Lagrange, Euler)

L 2

Setting initial conditions, boundary conditions (initial energy, speed...)

L 2

Setting time steps, solving cycle

$

Solve the problem

L 2

Handling the result

Fig.6. Steps to solve the problem

3. Numerical examples the ANSYS Autodyn 3D simulation is illustrated in

3.1 The numerical example of shock waves Figure 6.

propagating in enlarged tunnel cross-sections The corresponding pressure values recorded at

The arrangement of measurement points within each measuring point are summarized as follows.

Table 3. Summary of maximum pressure values at measurement points

. Coordinates (m) Pmax (kPa) . Coordinates (m) Pmax (kPa)
Point X Y Z Point X Y 7

1 0 0 11 334.91 5 -2.8 20 11 158.07
2 0 10 11 206.36 6 -2.8 16 11 174.36
3 0 15 1.1 177.26 7 -2.8 25 1.1 145.76
4 0 20 1.1 158.12 8 0 25 1.1 145.76

A

(<]
&>

Fig.7. Diagram of measuring point arrangement in Ansys Autodyn3D
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Fig.8. Graph of pressure value at point 1; 2; 3; 4; 5;6; 7; 8

The simulation outcomes are compared against
the results obtained using the experimental
formulation. Shock wave pressure values within the
tunnel are computed using Equation (1) at
measurement points 1, 2, and 3. To enable direct
comparison with the shock wave pressure values
derived from the Ansys Autodyn3D simulation

software, atmospheric pressure under standard
conditions (Po = 101.325 kPa) is added to the
calculated values. At points 7 and 8, where the tunnel
cross-section transitions from narrow to wide, the
pressure values are determined using Equations (2)
and (3). The corresponding results are presented in
Table 4.

Table 4. Table comparing the results of pressure value in case of propagation from narrow to large cross-sections

Geometry parameter

Pressure Value

Point i i Notes
S: S» Ro Experimental Ansys Difference
m) (m?) (m?) m) formula (kPa) (%)
(kPa)

1 0 15 393.51 334.91 17.5 tunnel head

2 10 15 247.82 206.36 19.95

3 15 15 224.54 177.26 26.67
y* <3d2 diffraction region

4 20 15 158.12 of wave (Lack of
experiment formula)
y* <3d2 diffraction region

5 20 2.486 10.066 15 158.07 of wave (Lack of
experiment formula)
y* <3d2 diffraction region

6 16 2.486 10.066 15 174.36 of wave (Lack of
experiment formula)

7 25 2.486 10.066 15 141.57 145.70 -2.83 y* > 3d2

8 25 2.486 10.066 15 141.57 145.76 -2.83 y* > 3d2

Y: Distance from the doorway to the measuring
point (m); y*: Distance to form wave pressure in a
variable cross-section (m).

Analysis of Table 4 reveals a decrease in
simulated pressure values-observed from measuring
points 3 to 8 when the tunnel cross-section transitions
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from narrow to wide. This trend aligns with the
physical behavior of shock wave attenuation during
expansion. The discrepancy between simulation
results obtained from ANSYS Autodyn 3D and those
calculated using empirical formulas ranges from
17.5% to 26.67%, which is considered acceptable for
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problems involving shock wave propagation. Notably,
in the region inside the tunnel beyond y* > 3d,, this
difference drops to under 2.83%, indicating strong
agreement between both methods in more stable
zones.

Furthermore, from the pressure graph at

measuring points 3, 6, 4, and 5, the turbulent region-
clearly

situated between 1.5d, and 3d,—is

identifiable as the shock wave interacts with the
geometric transition. This effect is particularly evident
at points 4 and 5, located 5 meters downstream from
the cross-sectional change, where pressure
fluctuations reflect the wave’s instability during its
transition through varying geometry.

3.2 The example of shock waves propagating in
narrowed tunnel cross-sections

'\va :

Fig.9. Diagram of measuring point arrangement in Ansys Autodyn3D

- Results of determination of pressure values at measuring points:

Table 5. Summary of maximum pressure values at measuring points

Coordinates (m)

Coordinates (m)

Point Pmax (kPa) Point Pmax (kPa)
X Y VA X Y Z
1 0 0 1.1 328.17 6 1.15 19 1.1 160.06
2 0 5 1.1 250.63 7 1.15 21 1.1 154.15
3 0 10 1.1 203.90 8 1.15 25 1.1 145.64
4 0 15 1.1 175.24 9 1.15 30 1.1 139.73
5 0 19 1.1 159.94 10 1.15 35 1.1 137.16
Gauge History ( Ident 0 - admodel ) Gauge History ( Ident 0 - admodel )
200 e e SO — I S —
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1 | | 140 i
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Fig.10. Graph of pressure value at measuring points 3; 4; 5
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Fig.11. Graph of pressure value at measuring points 6; 7; 8; 9.
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Fig.12. Graph of pressure value at measuring point 1; 2; 4; 6; 8; 10

- Results calculated according to the experimental
formula (1) with measuring points 1; 2; 3; 4; 5; 6;

- Measuring point 9; 10. The pressure value when

changing the cross-section from large to narrow is
calculated by the formula (4). In our case, we have
d>=3.58 m >2d1=1.78-2 = 3.56 m. We have d2/d1 =
2.011. We have 3 = Q,=1.995.

Table 6. Table comparing the results of pressure values in case of of propagation from large to narrow cross-sections

Geometry parameter

Pressure Value

Point S2 S1 Ro Experimental Ansys Difference Notes
m @  (m) (m  omua (kPa) (%)
(kPa)
1 0 15 393.51 328.17 19.91 tunnel head
2 5 15 289.81 250.63 15.63
3 10 15 247.82 203.90 21.54
4 15 15 224.54 175.24 28.13
5 19 15 212.06 159.94 32.59
6 19 15 212.06 160.06 32.49
y* <3d: diffraction
7 21 10.066 2.486 15 154.15 region of wave (Lack of
experiment formula)
y* <8d: diffraction
8 25 10.066 2.486 15 145.64 region of wave (Lack of
experiment formula)
9 30 10.066 2.486 15 185.60 139.73 32.83 y* > 3d1
10 35 10.066 2.486 15 179.07 137.16 30.56 y* > 3d:

Y: Distance from the doorway to the measuring
point (m); y*: Distance to form wave pressure in a
variable cross-section (m).

As the shock wave enters the tunnel from the
outside, the pressure discrepancies between ANSYS
Autodyn 3D simulation results and empirical formulas
range from 15.63% to 32.83% across various
measurement points. Despite this variation, the
simulation outcomes remain consistent with the
fundamental principles of shock wave propagation. In
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cases where the tunnel widens substantially (d, > 2d,)
and the tunnel axis shifts at the cross-sectional
transition, the pressure recorded at measurement point
6 (160.06 kPa) surpasses that at point 7 (154.15 kPa).
This increase is attributed to the reflection of shock
waves from the large, angled sidewalls, creating

noticeable disturbances at points 5 and 6.

Further irregularities in the pressure readings at
points 7 and 8—seen as fluctuations or "breaks" in the
pressure curve—are caused by wave reflections from
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the tunnel walls and ceiling following the geometric
change. These disturbances are most evident within the
range of 1.5d; to 3d;. Beyond this region, at
measurement points 9 and 10 located 10 meters
downstream (where 10 m > 3d; = 5.34 m), the reflected
effects subside. The shock wave front becomes more
uniform, and the pressure curve smoothens, indicating
a return to stable, steady-state wave propagation.

4. Conclusion and discussion

This paper aims to investigate the pressure
behavior of shock waves propagating through
tunnels with cross-sectional variations, using ANSYS
Autodyn 3D simulation software. The simulated
results are compared with empirical formulas to
assess their accuracy. Numerical testing reveals a
discrepancy between simulation and experimental
results ranging from 3% to 33%, a deviation
considered acceptable for problems involving shock
wave propagation.

Based on these findings, the study concludes that
ANSYS Autodyn 3D provides a reliable method for
determining shock wave pressure in tunnel
environments. Furthermore, the software
demonstrates potential for solving inverse problems
and can serve as a valuable predictive tool for
selecting appropriate explosive quantities prior to
field testing.
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