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Abstract. Based on the coupled Euler-Lagrange (CEL) algorithm, the numerical
simulation model of free air field and small clear distance two-line tunnel explo-
sion in loess is established. The reliability of the numerical model is verified by
the comparison between the air-field air explosion and the traditional empirical
formula. The results show that when the scale distance is greater than 0.3m/kg
1/3, the numerical simulation results agree well with the empirical formula. When
CEL explodes, measuring points are arranged at the invert, soffit and arch of the
tunnel, and the speed, acceleration and stress quickly reach the peak and con-
stantly oscillate, and the attenuation speed is rapid and the attenuation degree is
fast. When CEL explodes at the arch, the effect of shock wave is very weak, and
the measuring point closest to the explosion source has the most obvious re-
sponse, and the stress concentration is relatively obvious at the arch Angle.
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1 Introduction

In recent years, domestic and foreign scholars have done a lot of research on the dy-
namic response of tunnel explosion, the main parameters include the displacement [1],
strain [2], acceleration [3], velocity [4] and so on. Gao Jinjin et al. [5] found the weakening
effect of segment joints on tunnel structural stiffness and integrity, and proposed pro-
tective measures. Through numerical simulation, Luo Gang et al. [6] Based on Cole
shock wave semi-empirical formula, Vernon bubble motion equation and D'Alembert
principle, carried out research on underwater explosion and suspended tunnel under
moving load. Zhou et al. [7] verified the reliability of finite element simulation through
tunnel scale model and LS-DYNA software. Inan Keskin et al. [8] verified the impact of
surface explosion on underground tunnels through finite element method FEM, which
can predict the pressure and settlement of lining when tunnels are subjected to surface
impact loads. Yang et al. [9] used CEL numerical simulation method to study the dy-
namic behavior and damage evolution law of undersea tunnel under explosion load.Wu
Weichao et al. [10] used finite element software and full scale experiment to study the
damage of the specimen through multi-point collaborative explosion. Zhao Debo et al.
[11] verified the agreement between the numerical simulation and the traditional
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empirical formula by using the dynamite-air-structure-soil fluid-structure coupling
model, and mapped the structure of the one-dimensional axismetrical model to the
three-dimensional coupling model, and found the propagation law of eccentric explo-
sion damage at the near and far explosion ends and shock waves.

In order to better predict the variation law of tunnel explosion structure stability and
post-disaster protection measures, CONWEP and coupled Euler-Lagrange(CEL) algo-
rithm in ABAQUS and explicit dynamic analysis were used to simulate the response of
a double-line tunnel on loess under the action of a single hole accidental explosion. The
reliability of the numerical simulation is verified by comparing the overpressure time
history with the traditional empirical formula, and the CONWEP method and CEL
method are compared and analyzed. Finally, the response characteristics of highway
tunnel under explosion load are studied.

2 Simulation of Explosion Process in Free Air Field

2.1 Model Establishment and Material Parameter Setting

In this section, a numerical model of 1/8 free air field explosion is established based on
ABAQUS software. Euler components are used for explosives and air domains. The
explosive size is defined as 0.3m×0.3m×0.3m, which is converted to 44.31kg TNT. The
asymmetric boundary surface of the model is non-reflective boundary condition, and
the symmetric boundary surface is symmetric boundary condition, and the material as-
signment is carried out at the same time.

In the ABAQUS software, TNT adopts JWL simulation, and the material parameters
are shown in Table 1. the air adopts the ideal gas equation of state，The specific material
parameters are shown in Table 2.

Table 1. JWL state equation parameters for TNT explosives

arg 3/ ( )g cmθ ,√ 1/ ( )D m sµ ,√ A / Pa B / Pa ϖ 1R 2R

TNT 1650 6930 3.73e11 3.74e9 0.35 4.15 0.9

Table 2. Ideal gas equation of state parameters

Stats θ/kg·m3 R P/kPa C/(J/(kg·c0) γ/(M·s/m2)
Numerical 1.23 287 101 718 1.85e-5

2.2 Numerical Simulation Results and Analysis

In order to study the propagation law of shock wave, measuring points A, B, C, D (det-
onation center distance is 0.5m,1 m,2 m,3m) are selected. The overpressure curve is
shown in Fig. 1, the comparison diagram of empirical formulas is shown in Fig. 2.
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Fig. 1. Pressure time history curve under differ-
ent burst distance conditions

Fig. 2. ∆P+-Z curve comparing numerical sim-
ulation with empirical formula

As can be seen from Fig. 1, when the shock wave has not reached the measuring
point, the overpressure of each point is 101kPa atmospheric pressure of air. When the
shock wave reaches the measuring point, the overpressure rapidly increases to the peak
value, and then rapidly decreases to 0. The overpressure of the explosion shock wave
is negatively correlated with time. As can be seen from Fig. 2, when the proportional
distance is less than 0.3m/kg1/3, the numerical simulation results are smaller than the
empirical formula; when the proportional distance is greater than 0.3m/kg1/3, the nu-
merical simulation results are in good agreement with the empirical formula, and with
the increasing of the proportional distance, the results are closer to the empirical for-
mula. It provides the feasibility for the following loess tunnel explosion.

3 Tunnel Profile and Geostress Balance

In this paper, taking a loess tunnel from Yinchuan to Kunming highway as an example,
the finite element ABAQUS numerical simulation is used. The primary lining of the
tunnel uses C20 concrete, the thickness of the primary lining is 25cm, the second lining
of the tunnel uses C25 concrete, the thickness of the second lining is 50cm, the upper
layer of the loess is Malan loess, the thickness of the surrounding rock is 20m, and the
lower soil is Shizhu loess, the thickness of the surrounding rock is 40m. The tunnel
distance of the double-line tunnel is 1D, and the surrounding rock and lining are both
Mohr-Coulomb model. The specific material properties are shown in Table 3.

Table 3. Finite element model parameter settings

Materials E/MPa µ θ/kg·m3 C /kPa ι(°)

Malan loess 150 0.38 1800 28 23
Lishi loess 240 0.39 1900 41 24

C20 20000 0.20 2400 30 36
C25 28000 0.25 2400 30 36

218             N. Wang and X. Cao



In-situ stress equilibrium is to make the model only subject to INITIAL stress in the
initial analysis step, with no initial strain or very small initial strain. When the initial
strain reaches 10-4m, the equilibrium result is better. The result of in-situ stress balance
is shown in Fig. 3. The maximum displacement value is 2.052×10-8m, the initial stress
is 121Pa, and there is obvious stress concentration at the corner of the tunnel. In sum-
mary, the result of ground stress balance is good.

(a) Mises stress nephogram (b) Displacement nephogram

Fig. 3. Results of initial in-situ stress equilibrium

4 CONWEP and CEL Methods Were Compared and Analyzed

The CONWEP method does not need to consider the stiffness and inertia of the air. In
the interaction module, TNT explosive yield, explosion type, initiation reference point
and initiation point action reference surface are defined. The time history curve of ex-
plosion shock wave overpressure in CONWEP algorithm decreases exponentially. In
CEL algorithm, Lagrange grid is used to model surrounding rock and lining, and Euler
network is used to model TNT and air. TNT-Air, air - lining, lining - surrounding rock
are automatically calculated and tracked using a penalty contact algorithm. The sur-
rounding rock adopts symmetric boundary constraints and fully fixed constraints, and
the Euler boundary is set as the non-reflective boundary of outflow.The dynamic re-
sponse of lining was compared by CONWEP method and CEL method, as shown in
Fig. 4. Research is also conducted from the center of blasting floor A, arch Angle B,
arch waist C, D and arch top E, as shown in Figure 5.

(a) Overpressure diagram (c) Acceleration graph

Fig. 4. Comparison of the two explosion modes
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(a)Velocity chart (b)Acceleration chart

(c)Stress chart

Fig. 5. Deformation characteristics and response rules of different measuring points

The CEL method is faster, 0.6ms faster than the CONWEP method, but the calcula-
tion time is doubled. However, there is a small difference in the peaks of overpressure,
stress and acceleration between the two. The explosion shock wave first propagates to
point A, and the response at point A is the most significant. For example, the velocity
reaches 3.56m/s at 0.84ms, and the acceleration reaches 33196m/s2 at 0.762ms. The
stress reaches 19.80MPa at 0.80ms. Then the shock wave reaches the left and right
soffit position and finally propagates to the vault position. In this process, each param-
eter continuously oscillates and becomes stable with the passage of time.

5 Conclusion

Based on CONWEP and Euler-Lagrange (CEL) algorithm, a numerical model of acci-
dental explosion in a single hole of loess tunnel was established, and the time-history
analysis dynamic response of tunnel lining was studied. It plays an important role in
the anti-explosion performance of tunnel structure and the explosion-proof design of
underground space. The following conclusions are drawn:

(1) Compared with the traditional empirical formula, when the proportional distance
is less than 0.3m/kg1/3, the numerical simulation results are smaller than the empirical
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formula; When the proportional distance is greater than 0.3m/kg 1/3, the numerical sim-
ulation results are in good agreement with the empirical formula.

(2) After the ground stress is balanced, CEL explosion overpressure, stress and ac-
celeration response time of 0.6 ms slightly faster than CONWEP method, but the dif-
ference between fluctuation trend and peak is smaller. Measuring points are arranged
at the invert, soffit and vault, and it can be seen that the velocity, acceleration and stress
rapidly peak and constantly oscillate. The measuring point closest to the explosion
source has the most obvious response, and the stress concentration is relatively obvious
at the arch Angle, and the attenuation rate and degree of each parameter are rapid. When
the shock wave reaches the vault, the effect of shock wave is very weak.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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