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Numerical study Summary

Ex.pl.osion Prediction of soil response and the interaction between the structure and the
Soil improvement surrounding soil requires understanding the behavior of soils under dynamic

Shear modulus

° loads. Meanwhile, soil improvement, changes in shear modulus, and
Buried structures

understanding the power of soil types is important in consuming the energy
generated by dynamic loads. As a case study for a subway tunnel in Isfahan, the present work evaluates the effect of
changes in soil shear modulus on reducing displacements of a buried tunnel crown influenced by a surface explosion.
Modeling and analysis of the results in this study have been carried out using FLAC finite element software. The most
critical case of a tunnel coverage subjected to TNT explosive load has been investigated and an attempt has been made
to provide the safest condition for buried tunnels by injecting different amounts of cement slurry into each of the soil
layers, strengthening the soil structure, and changing the shear modulus. Injection of cement slurry into the soil layers
and the increase of elasticity and shear modulus of the soil have led to the reduction of displacements. Reinforcement
of the sandstone layer has decreased the displacements in the concrete coverage of the buried tunnel crown by 74%,
and it is 40% at the most if the alluvial layer is strengthened. In fact, the reinforcement of the alluvial layer at best
protects the buried structure only against the explosion of 120 kg of TNT, but the reinforced sandstone layer protects it
under the explosion of 502 kg of TNT.

Introduction

In two separate studies, due to the importance of discontinuities and their angles, a study has been madr on 20 groups
of cylindrical specimens with different discontinuity orientation angles (0, 30, 45, 60 and 90 degrees). Based on the
results, the P-wave velocity increases significantly with increasing orientation angle (6) and decreasing discontinuity
frequency (F). In the second case, cement samples have been injected into all 20 groups and after 2 months, the wave
velocity has been measured again. According to the results, the wave velocity increases in all samples. In addition, the
wave velocity in most samples has been close to the size of the intact rock sample ( Moomivand et al., 2021).

The effects of surface explosion on underground tunnel with circular cross section have been evaluated using
ABAQUS finite element software. In this paper, the finite element model is first validated in comparison with the
obtained experimental results. The results show that the dimensions of the explosion hole, obtained from the ABAQUS
finite element software, are consistent with the dimensions of the hole obtained from the experimental work. In
addition, the values of the stresses caused by the explosion on the soil, as well as the increase in air pressure during the
period, give the same results as those obtained from the experimental test (Ahmed et al., 2022).

The present study investigates the improvement and reinforcement of soil and overburdens of Isfahan subway tunnel
by considering changes to the soil mechanical parameters. On the other hand, it also investigates the interaction
between the structure and soil after being reinforced. The present research aims to investigate the effects of injection-
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based improvement process and changes of the soil shear modulus on the extent of displacements and damages
inflicted on the buried structure subjected to the propagation of explosion waves.

Methodology and Approaches

The subway in Isfahan consists of five routes. The north-south route (the first phase of the project) starts from Kaveh
Terminal and ends in Soffeh Terminal. Its length is 12.5 km, of which approximately 12 km of this length is in the
basement.

A two-dimensional model is used for modeling the effects of explosion. In general, the propagation of blast waves is
spherical in the soil environment and the interaction between the explosion and the impact load of the blast gas leads to
strains around. As the paper is to investigate the parametric effects of surface and subsurface blast waves on a tunnel
buried in the soil, the tunnel has been modeled by FLAC 2D, and the explosion has been simulated by AUTODYN
software.

The soil layers in the Soffeh -Azadi route consist of rock fragments of different types. The route rocks are mainly
composed of shale and sandstone. However, there is alluvial soil in some parts of the route. Moreover, in certain areas,
an alluvium layer with the thickness of approximately 4 m is observed on the sandstone. Mohr — Coulomb behavior
model has been applied for the soil of the area under evaluation. Several boreholes have been drilled in the tunnel
route to determine the mechanical characteristics of the soil. Using laboratory experiments, the mechanical and
geotechnical characteristics of the soil have been identified. Experiments of the present work have mostly been carried
out based on the ASTM standards.

The internal friction angle (¢) and adhesion (C) of the soil have been determined based on the ASTM standard D3080
and the density (y) has been determined based on the ASTM standard D854.

Blast loadings of 25, 56, 120, 165, 249 and 502 kg of TNT have been applied to the soil surface of the twin tunnel just
above the western tunnel, and displacement values have been checked. Using the explosion points just above the
western tunnel and distances D, 2D, 3D and 5D on the ground surface relative to the western tunnel center, the effect
of different surface explosion distances has also been investigated.

Shear modulus values have also been applied incrementally to the model in three states of 2, 5, and 10 times.
Numerical results of all three states are respectively named I, 11, and Ill, and then, the results have been provided
separately for each type of soil, together with the values of the intended parameters under the non-injected state.

Results and Conclusions
Sandstones fall under rocks with higher rates of porosity, which causes lower uniaxial compressive strength, Young,
shear, and bulk moduli (Badagh abadi et al., 2008). Sandstones also destroy the structure when subjected to compression
and shear forces (Konstantinou, et al. 2021). For this, it is possible to see various cracks in different points of the structure
due to the loads applied by machinery, explosion, and tunnel drilling, which will cause soil layers to deposit (Amiri, et
al. 2018). Furthermore, the soil environment is an unconsolidated environment, and to restore the rock mass texture and
to increase its strength, the so-called jet grouting technique is used to improve the damaged areas.
The trend of displacement changes of the western tunnel crown subjected to the various TNT amounts under different
soil states (natural soil conditions and various states of reinforced soil), and the displacement values almost falling
under allowable limits in the states Il and 111 are presented in this paper.
In the | state, the shear modulus value of the sandstone layer is twice the natural state. Displacement at the tunnel
crown has dropped by 10-34% relative to the soil natural conditions, which decreases from 38 mm to 25 mm in a case
explosion of 56 kg of TNT. Under an explosive load of 120 kg of TNT, the tunnel crown experiences a displacement of
51.3 mm under a natural state, which reduces to 46 mm when sandstone layers are improved under the state I.
Displacements from explosions of 165, 249, and 502 kg of TNT decrease by 14.1, 23.3, and 37 mm, respectively,
following the improvement in the state | compared to the natural state. However, the rates do not fall under the
allowable limits (i.e., 39 mm).
This paper has also investigated the effects of soil layer improvement using injection technique on the displacement
values and damages on the concrete covering of the buried tunnel subjected to various TNT amounts on the ground.
Some of the most important results are as follows:

1. Soil layer improvement results indicate that the injection of cement grout into the sandstone has been

effective, resulting in more desirable values of energy dissipation and reduced displacement.




2. Considering the displacement values, when the shear modulus of the alluvial layers increases,
the displacement decreases by 8, 24, and 40%, respectively, under the states I, Il, and Il1.

3. After improving the sandstone layers and increasing its shear modulus, the displacement
decreases from 34 to 74% under all three improvement states. Under the state I, the maximum
load-bearing capacity occurs at 56 kg of TNT explosion. In the state I, the maximum load-
bearing capacity of the tunnel crown occurs at 249 kg of TNT explosion. Finally, it is concluded
that the buried structure is safe against possible explosive loads in the state 111, considering the
allowable displacement value (39 mm) of the tunnel crown concrete covering.




