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In finite element method (FEM), the selection of boundary condition
types will affect on the results of a model. The boundary condition
depends on the type of boundary elements. In the wave propagation in
rock/soil medium such as blast vibration in tunnel blast, fixed or roller
or non-reflecting boundary conditions can be used. The boundary
element, used fixed or roller boundary conditions, is finite elements.
The wave may be reflex when propagating to boundary. Non-
Reflecting Boundary Conditions (NRBCs) are used to model a
problem with an infinite domain by using a finite model. Many types
of NRBCs are available, but, in general, they all act to prevent energy
radiating toward infinity from being reflected back into the model at
the finite boundary of the model. Infinite elements are another method
of imposing a NRBC in a finite element method model. The concept of
infinite elements is to use finite elements to define a semi-infinite
domain at the boundary which is desired to be a NRBC. In this paper,
the finite element method is used to study the blast wave propagation
by using two types of boundary conditions: fixed condition and non-
reflecting boundary condition. In the first model, there are only finite
elements (FE). On the contrary, both finite and infinite elements
(FE+IE) are used in the second model. The comparison of the results
of these models is presented to show the effect of used element type.

1. Introduction

radiate and not return to the medium of interest.

The wave propagation phenomenon is an
important subject in the field of geotechnical
engineering where soil/rock media have to be
treated as continua. Dynamic disturbances are
described well in the viewpoint of wave
propagation. Numerical simulation studies of
wave propagation show that one of the most
difficult parts of the problem is the simulation
of boundaries. This is the main point that makes
soil/rock dynamics more difficult than structural
dynamics since the waves at the boundary must

Efficient modeling of  infinite media is
important for many engineering problems. In
this work the coupled computational methods of
finite and infinite elements are used to simulate
the wave propagation problem.
2. In situ monitoring result

The Dblast vibration during tunnel
excavation at Croix-Rousse tunnel (Lyon,
France) was measured by sensors (Geophone
type). The sensors are located in concrete
tunnel lining along the tunnel and some places
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on some buildings on the surface. The results
of blast particle velocity are presented in three
directions: transverse direction, vertical
direction and along the tunnel (Dang et al.,
2013), as shown in Figure 1. By located
sensors in buildings, the results of peak

particle velocity are presented in Table 1.
These results indicate the peak particle velocity
is smaller than the velocity threshold of France
(after AFTES). The results will be verified by
numerical simulation model.
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Figure 1. The measuring of velocity and frequency spectrum of the above blast signal

Table 1. The result of some sensors at some buildings on the surface

Name/ location of sensor PM | Cover (m) | PPV (mm/s)
S12 /Ventilation factory n°1 225 60 1,77
S20/ Ventilation factory n°2 555 65 0,66
S21/ Rousy street 585 68 3,76
S22/77 Bd Cx Rousse 680 72 7,97
S25/99 Bd Cx Rousse 870 78 2,71
S26/94 Bd Cx Rousse 685 72 2,25
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3. Numerical simulation
3.1. Method

Numerical simulation model is carried out
by using the FEM through the use of
Abaqus/explicit 6.11-2.
3.1.1. The Dynamic Equilibrium Equation

Dynamic simulation with any numerical
method essentially involves the solution of the
equations of motion. In a finite element
formulation, these equations can be written in
(Hughes, T. J. R., 2000) as

[M [} +[Cu}+ [K fu} = PO}, (1)
where u - displacement, U - velocity, and U -
acceleration.

The mass matrix:

[M]=£p[NT[N]dV, 0

In the above equations, p is the material
density and [N] is the shape function matrix. The
damping matrix, [C], for the Rayleigh damping is
in the form:

[Cl=em]+ BIK], €)
where o and  are pre-defined constants. The
time-dependent stiffness matrix is defined as

]-[e'[olekv "

[D] and [B] represent the constitutive and
strain-displacement matrices, respectively. The
nodal force vector due to surface tractions,
[q()], and body forces, [f(t)], is given by

T T
Poy=[INas+[[N] fav, ()
S \%

The Equation (1) can be re-written in the
following form:

[m = {ref-{e )

where,

{r=}=P and {f™j=[Clfu}+[K}u}

Equations (1) and (6) can be solved either
by explicit methods in which the most popular
one is the central difference method or by
implicit methods such as Hubolt algorithm,
Nemark algorithm. Solutions by explicit
methods require finding an initial solution for a
set of algebraic equations. No global matrix
formulation is needed in the explicit methods
and no iterations are performed.

The most efficient explicit dynamic
analysis procedure is the second order central
difference operator, which is based on the
implementation of an explicit integration rule
together with the use of diagonal or lumped
element mass matrix. Half-time step values are
used to calculate velocity and acceleration. Both
values are accurate to an order of t* (time step
square). Values of the derivatives at the center
of a time interval are obtained from the
difference in the function values at the ends of
the interval. The central difference integration
operator is explicit in which the kinematic state

may be advanced by using known values of
1

i) 2)and i from the previous time increment.
A key to the computational efficiency of the
explicit solution procedure is the use of
diagonal element mass matrices. Because the
inversion of matrices required in the beginning
of each time increment, makes the solution of
algebraic equations very simple. Thus, the
Equation (6) can be written as

M} =[mTr e f-{rm) Y

The explicit procedure integrates through
time by using many small increments. The
central difference operator is conditionally
stable and stability limit for the operator (with
no damping) is given in terms of the highest
eight values in the system as (ABAQUS, 2011).

At < i (8)

D rrax

where o, is the circular frequency of the

natural modes. With damping, the stable time
increment is given by (ABAQUS, 2011).

At Swi(\/le Srax ~ Smax) ©)

where Enax IS the fraction of critical damping in
the mode with the highest frequency (test
dimension of element or test the stability of
method). The current dilatational wave speed in
the element is calculated with the following
expression:

c = |A+2) (10)

Yo
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where 4 and 4 are effective Lamé constants

and material’s mass density, respectively.
3.1.2. Description of Numerical Model

The numerical model was carried for
investigating the blast vibration of a newly
excavated tunnel which is constructed by
blasting method at nearby existing tunnel. The
model includes three parts: the rock mass is
160m in length and 160m in width, the
boundary of model is created by infinite
element with 160m in length. The existing
tunnel is a vaulted roof with a vertical wall. The
radius of the arch is 8,05m and vertical wall is
1,0m. The newly excavated tunnel is round with
the radius of the arch of 5,55m. Distance
between two tunnels is 42,6m. The dimension
of the model is 480m in width and 320m in

Poirt € on the surface

New tunnel m
(84.1m2)

Finite Element (FE)

Infinite Element (IE)

Figure 2. The dimensi
|

height. The dimension of the 2D model of case
study is presented in Figure 2 and Figure 3.
3.2. Boundary Condition

In this paper, we investigate on two cases
with different boundary elements and boundary
conditions.

Case 1: Non-reflecting boundary condition
with Finite/Infinite Elements in Figure 2.

Case 2: Fixed boundary condition with only
Finite Elements in Figure 3.

Infinite elements are used to create non-
boundary conditions for models. With these
boundaries, there is no reflecting of wave at
boundaries. In 2D model, coupled finite-infinite
elements are used including of the types of
CPE4R and CINPE elements. The top surface is
free and other three surfaces are non-reflecting
boundaries which are created by the type of the
CINPE infinite element.

Point B, the
site of
servoe C

Existing
tunnel

No-reflecting boundary

on of 2D model of case 1
160 m ol

160m

Finite Element (FE)

L—

Fixed boundary

Figure 3.The dimension of 2D model of case 2
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3.3. Validation of the mesh: Rayleigh velocity
The velocity of Rayleigh wave is used to
validate the mesh in numerical simulation [Edip
et al.,, 2011]. The dimension of the model is
480m in width and 320m in height in Figure 4.
The finite element is CPE4R, a 4-node bilinear
plane strain quadrilateral, reduced integration,
hourglass control. The infinite element is
CINPE4 (IE), 4-node linear and one-way
infinite. The length of this element is chosen as
160m. With the average size of an element of
0,5m, the total number of elements is 103360
(102400 linear quadrilateral elements of type

160m

< [

160m

CPE4R and 960 linear quadrilateral elements of
type CINPE4). A force depending on time is
applied to a point in which the distance from the
located point of the force to the boundary is 5m.
The magnitude of load is 1500GPa and the
relation between load and time is presented in
Figure 5.

In order to simulate surface wave
propagation in 2D, the velocity of Rayleigh
wave propagation is considered. The result of
the Rayleigh wave velocity at point B and point
C is presented in Figure 6.
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Figure 5. The force load versus time
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The material dynamic parameters of rock
mass are selected: Young’s modulus is 56GPa,
Poisson’s ratio is 0,33, and density is 2650
kg/m®. As shown in Figure 6, the time
difference between point B and point C is
0,00600117s as the distance between them is
18,5m. Then, the velocity of Rayleigh wave is
calculated S/t=3082,72968m/s. The velocity of
Rayleigh wave can be calculated by the formula
of Bergmann-Viktorov, or

(Q87+142vjvs(mls)
1+v

where v is the Poisson’s ratio, Vs is the S-wave
velocity which is given by the formula
(Nesvijski, E. G., 2009) as

vszvﬁgz E__(m/s)
Yo, 2(1+v)

From the formula in Equations (11) and
(12), the values of Vs and Vg can be calculated
as Vs = 3218 m/s and Vg = 2999 m/s. The
difference of velocity values between two
methods (theory method and numerical
simulation) is not large and about 2,71 %. The
mesh is convergent. This mesh is used for
modeling the effect of blast vibration by tunnel
excavation on existing tunnel and building on
the surface.

3.4. Blast loading model

The explosion pressure, which is the
pressure exerted by the expansion of gases from
the explosion, can be calculated from the
following equation, as suggested by the Konya
and Walter (1991) as

_ 449,93xSG,xVOD?
‘ 1+0,8SG,
where Py is the detonation pressure (Pa), SG. the
density of the explosive (g/cm®), and VOD is the
detonation velocity of the explosive (m/s).

The detonation pressure is the pressure of a
fully coupled charge completely filling the
blasthole. In the field, the decoupling technique
is used which refers to leaving an empty space
between an explosive column and the blasthole
wall. For consideration of the decoupling effect,
the following calibration equation was used
(DANG Van Kien et al., 2012).

Vi = (11)

(12)

, (13)

22

3

P, =P, (d—j , (14)
d,

where Pg is the blasthole pressure considering
decoupling (Pg), d. and dy are the diameters of
the explosive and blasthole (mm), respectively.
To obtain the pressure-time profile of the
explosion gases, the wave-shape function is
needed. Most researchers have used exponential
functions to model the wave-shape of explosive
pressure and introduced a combination of
exponential and sinusoidal functions as the
pressure function. In the present study, the
following wave-shape function, based on the
equation by Jiang (1993), was adopted to
characterize the source of vibration (Park et al
2004).

(15)

t
1-—
fa)=£e(tJ,
td
where f(t) is the shape function, t is the elapsed
time, and ty = 0,0003361s is the time to reach
the peak pressure. The relation between f(t) and

t can be seen in Figure 7.
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Figure 7. Blast load versus time
(Park et al., 2004)

A radial force, equivalent to the blasthole
pressure, is applied to the particles around the
blasthole. To prevent the generation of an
irregular force around the blast hole due to the
coarse particle size, the particles around the
blasthole had a radius smaller than that of the
surrounding particles. Figure 7 shows the
propagation of applied blast pressure. The
Emulsion Reelle explosive was used to
excavate the tunnel with (d/d, = 0,9). The
amplitude pressure is calculated from the
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formula (14) and the perimeter of the tunnel is
given by
Ps = 7,478Gpa
P(t) =P, * f (t) =7,478=* f (),
3.5. Material model

The rock mass surrounding the Croix-
Rousse tunnel is granite and gneiss rock. The
traditional Mohr-Coulomb critical is used to
study the rock damage process. The dynamic
parameter properties of rock are Bulk modulus
= 56GPa, cohesion = 23,07MPa, density = 2650
kg/m?, friction angle 53,99°, dilation angle = 4°.
The damping ratios are chosen to be a =0,01
and B =0,02 for both rock and concrete. The
concrete lining was simulated by using the
concrete damaged plasticity model built into
Abaqus. The material properties used for
concrete: Young’s modulus is 31GPa, Poisson’s
ratio is 0,2, density is 2400kg/m°, the

(16)
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a. The stress wave in rock mass in case 1

compressive yield strength is 35MPa and tensile
yield is 2,9MPa.
4. Result analysis

The stresses in rock mass in case 1 at t =
0,01s and t = 0,015s are presented in Figure 8. At
t = 0,015s, one can see the reflecting stress wave
in the rock mass. The stress wave in rock mass
of case 1 is presented in Figure 8. The velocity
and displacement at point A, point B, and point
C are presented in Figure 9. In case 2, there is
not reflecting wave stress in rock mass, as shown
in Figure 10, the velocity and displacement at
point A, point B, and point C are presented in
Figure 12. Comparison the velocity and
displacement value between two cases are made.
The results for comparison are presented in
Figure 13. We can see the velocity values in case
2 are the same as these values in situ recording
result. The velocity and displacement values in
case 2 are smaller than these values in case 1.

at t=0,015s
Figure 8. Case 1-Using the Fixed boundary condition (FE only)
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Figure 9. Result of velocity and displacement value in case 1(FE only)
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Figure 10. Case 2-Using the NRBCs by Finite/Infinite Element (FE+IE)
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5. Conclusion

From the analysis and simulation results in
the paper, the following conclusions are drawn:

e The velocity and displacement values in
case 2 (Non-reflecting boundary using IE+EF)
are smaller than these values in case 1 (Fixed
boundary condition using FE only).

e The difference of results depends on the
boundary condition type, the time period, the
point of monitoring, and the area of limited
region for calculating.

24

e The reason of the difference is the
reflecting stress wave in case 1.

e The usage of infinite elements can
improve the results significantly.
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