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Evaluation of Pressure Distribution in Buried Pipes with

Liquid in the Explosion
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In this Paper, a parametric study on pipes buried in soil was performed illustrating the results of blast loading.
Effects of various parameters such as the physical properties of water, oil, gas, air, soil, pipes, and TNT have
been investigated. The arbitrary Lagrangian-Eulerian (ALE) method was employed using LS-DYNA software.
The maximum pressure in a buried pipe explosive was observed at an angle of about 0° to 45° and the minimum
pressure occurred at an angle of about 45° to 90°. Therefore, all figures in this study illustrate that fluid pressure
levels in buried pipes can help in their stabilization. In generally, by increasing the 1.23 times of liquid density
under the explosion, the pressure levels in the soil decreased by 1.3 percent. The gas pressure has been

increasing more than oil and water pipes 39.73 and 40.52 percent, respectively.
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1. INTRODUCTION

Anirban studied the effects of surface blasts on dry and cohesionless soil . He applied the ALE
method and concluded that the metal behaviors in soil in large deformationa have an important
parameter influence on analysis [1]. Liquid explosion tests are performed in large tunnels due to
limited testing conditions, funding, and other various reasons. Therefore, many researchers carried
out tests in vessels and pipelines on a small scale in laboratory environment [2]. Blanchard et al
investigated explosions in an 18 m long 'DN150 closed pipe with a 90 degree bend. It was
demonstrated that the bend in a long tunnel could much improve flame speeds and overpressures, as
well as shorten the run-up distance to DDT [3]. The effect of variations in the distribution of liquid
on explosion propagation characteristics was also investigated in experimental channels [4].
Various countries are actively exploring oil tank and oil and gas pipeline safety technology since
the last century by producing two types of explosion suppression materials or products such as
metal [5]. Metal explosion suppression material is widely utilized at present and it uses metal or
organic polymer material as the substrate [6].It is also made into mesh or other shapes after adding
functional additives. If filled or installed in oil storage devices, ground vehicles or armored
equipment, aircraft or ship tank, it quickly transfers heat and builds up flame propagation
suppression in order to prevent explosions and other accidents [7]. Zimerman concluded that this

method is unsuitable for unsymmetric structures lying in the lowest depths [8].

SHOCK PRESSURE AND IMPULSE

After the shock wave has propagated through the air some radial distance from the center of the
explosion, the air located immediately behind the shock front is highly compressed relative to
ambient conditions, and behind this compressed air, at a distance known as the positive wavelength
L', the air is rarefied relative to ambient conditions. The resulting pressure—time pulse, illustrated
by the solid curve in Fig. 1, is produced by the shock wave propagating at supersonic speeds by a
fixed point relative to the center of the explosion. the time of arrival of the shock front after
detonation, a near instantaneous increase in ambient pressure (i.e., an overpressure) occurs due to
the highly compressed air of the shock front; this pressure is called the peak incident (or side-on)

pressure Py,
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Fig. 1. Incident and reflected blast pressure pulses [9].

The positive pressure has been decreased during the time period ty and in the following the pressure
decreases until below the ambient pressure surface. Negative pressure occurs during the time period
to . Negative pressure is defined by changing the path of air particles flow at a distance with L,,
length as suction pressure. The maximum negative pressure with Py, can be observed in the figure.
The positive phase wavelength also increases after the expansion of the pressure wave, which is
due to the effects of dispersion. Generally, the positive peak pressure near the explosion can be
higher than atmospheric pressure, which this event occurs in about one millisecond. The surface
below the pressure diagram has been defined with is and iy respectively, in terms of the positive

and negative phase time, that can be observed in the figure.

2. NUMERICAL SIMULATION

The study pipeline had the internal and external diameters of 0.36 and 0.4 m at its circular cross-
section, respectively. For the load simulation, the equivalent pressure-time histories of explosive-
loaded pipelines have been utilized in most of the previous studies. Great changes are usually
exhibited in the pressure-time histories generated by high explosives even with equal charges.
Clearly, structural responses can be strongly predicted by the generability of precise load functions.
The explicit explosive modeling in this paper was done by simulating a high explosive detonation

of LS-DYNA material specifically designed for this purpose. A simulation of complex real-world
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problems is possible via LS-DYNA as a finite element program for general purposes including
bioengineering, manufacturing, construction, and the automobile, military, and aerospace industries.
LS-DYNA is fully QA'd by LSTC. Its code is of a highly nonlinear origin to be applied in finite
element transient dynamic analysis through an explicit time integration. The explosion was assumed
to occur at the most unsuitable points, like at the air and soil interface above the pipeline. A quarter
symmetrical model of 0.6 m x 1.8 m x 2 m was employed for saving the time of computation in the
finite element model (Fig. 2). For an explicit 3D analysis, the 8-node elements of SOLID 164 were
adopted. In this article, an arbitrary Lagrangian-Eulerian (ALE) algorithm was employed to prevent
element distortion leading to large deformations in nonlinear structural analyses. Using ALE multi-
material meshes, modeling of the 'TNT charge as well as of air, soil, and liquid in the pipelines was
done. Thus, the pipelines were modelled with Lagrangian meshes, while setting the uniform mesh
size at 5 cm and controlling the minimal time step with the smallest element size through the
explicit integral method. To apply contact between the pipe and liquid, a software manual known as
DATABASE FSI (*CONSTRAINED LAGRANGE IN SOLID), was used to examine the
interaction of liquid and pipe. Moreover, the nodes must be transitionally displaced to the
symmetrical planes. The other two lateral surfaces and the bottom surface were used with the non-
reflecting boundary conditions, while the upper surface was associated with the free boundary
condition. Here, the finite element model included the 5 materials of air, liquid, soil, pipeline, and
TNT charge. One way to control the accuracy of the finite element is through energy balance. The
energy dissipation is calculated and applied in energy balance. For this reason, in this paper the
energy balance has been used. The depth of the pipe buried in the soil into explosive material is 1.2

meter [10].

Uquid

Fig. 2. Finite element model

! Tri Nitro Toluene



www.czasopisma.pan.pl P@N www.journals.pan.pl

EVALUATION OF PRESSURE DISTRIBUTION IN BURIED PIPES WITH LIQUID IN THE EXPLOSION 7

2.1. EXPLOSIVE MODEL

In this article, the Jones-Wilkins-Lee (JWL) Equation of State (EOS) and a high explosive material
model were utilized to model the TNT charge. The pressure was defined by JWL equation of state

as follows [10]:

@.1) PoAl1--@ |l gl @ |rr  ©E
RV v

2

Where P is the pressure, , A, B, Ry, Ry, and @ are the equation coefficients, V is initial relative volumes
and E indicates the chemical explosive energy. Table 1 presents the parameters utilized in TNT charge

model [10]:

Table 1. TNT charge parameters

p(kgm®) | Vp(m/s) | Pey(Gpa) | A (Gpa) | B(Gpa) | R, R, o \% E (J/kg)
1630 6930 21 374 3.23 4.15 0.95 0.38 1 6.00E+09
2.2. AIR MODEL

The air material model was commonly simulated by null material with a linear EOS, which defined

the pressure by the following equation [10]:

22) P=C,+Cu+ Gyt +Cyt +(C,+ Cu+ C ),

where: P is stands for the pressure, p - is a function of p and p, as the reference density, C, and Cs indicate
constant coefficients, and E, is the initial internal energy of the reference specific volume per unit. The

parameters used in the air model are given in Table 2 [10]:

Table 2. Air Parameters

pkgm’) | ¢ | c1 | 2 C3 c4 cs P (kg/m®) | Eo(ikg)
1.29 0 0 0 0 04 04 1 2.5x10°
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2.3. STEEL PIPE MODEL

In this study, several kinds of steel pipe and yield stress were investigated. The steel pipe material
model utilized in this research is referred to as the "Plastic Kinematic Model". The software
selection is X80 and pipe modeling features are summarized in Table 3:

Table 3. Parameters of the X80 grade pipe material

p(kg/m?) E(Pa) v dy(Pa) Etan(Pa)

7850 2.10E+11 | 0.3 | 6.57E+08 | 1.35E+10

Where parameter E is the modulus of elasticity, v Poissons ratio,p is density , 8y is yield stress and

the parameter Eq, is the tangent modulus. The steel pipe behaviour model shown in Fig. 3.

vield |
stress

Fig. 3. Steel pipe behavior model [11]

2.3) o= Ese e< &,

24 0 =o0,+4E,, (e —¢&) > &,
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2.4. WATER MODEL

To define theoretical pressure the Mie-Griineisen EOS was commonly applied to the first water

model using a null material model:

2

Yo H
Cul1+|1-22 \u—a™—
Po /"[ [ 2)/" 2]

2.5) P=
[1_(S1_1)ﬂ_sz = -5, = 5

]+(7O +ap)E

Where P indicates the pressure, p is a function of p and p, is the reference density, S; to S5, yo and o stand
for the constant coefficients, E is the internal energy per volume unit, C is the velocity of sound propagation

through water. The parameters applied in the water model are exhibited in Table 4 [10]:

Table 4. Water Parameters

p(kg/ms) C (m/s) S S, S5 %o
1025 | 1.48E+03 | 142 | 033 0.7 | 0.50
2.5. O1L MODEL

The oil was commonly modeled by a null material model with a Griineisen equation of state (EOS),
where po and p are the density and S, to S, yo and o are the constant coefficients of the equation. C
is the velocity of sound propagation in the oil. Table 5 presents the parameters utilized in the oil

model:

Table 5. Oil Parameters

p(kg/m’) | C(m/s) S S Ss %o
800 1280.61 0 0 0 0.3
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2.6. GAS MODEL

The gas was commonly simulated by a null material model with a linear EOS, where p is the
density and Cy to C; are the constant coefficient of the equation. Table 6 presents the parameters

utilized in the gas model:

Table 6. Gas Parameters

p (kg/m®) Co Cl1 C2 C3 Eo(J/kg)
0.65 0 0 0 0 2.5%10°

2.7. SoIL MODEL

Modeling of the soils was done using the simple and useful "soil and foam" model raised by Krieg
in 1972, which could be operated as a fluid in some way. The model's main parameters in soil type I
include a density equal to 1225 kg/m’, a bulk modulus of 5.51 Mpa, a shear modulus of 1.72 MPa,
and the yield function constants of ay=0, a;=0, and a,=0.87. Parameters of soil type II include a
density equal to 1800 kg/m3, a shear modulus of 11 Mpa, a bulk modulus of 190 MPa, and the yield
function constants of a;=0.33 Mpa?, a;=0.7Mpa and a,=0.33 [10]. The soil behaviour model is shown

in Fig. 4.

Loadumg and unloadsg follows e wpm
curve if the vobsmetn: crushing option
o (VCR = 1.0)

-—

The tulk unloading moduli it
wied if the volmmetnic crwshiog
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Fig. 4. Pressure versus volumetric strain curve for soil and foam model [11]
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3. THE PERFORMANCE OF BURIED STEEL PIPE IN SOIL UNDER

ELEMENTAL EXPLOSION

The 4 elements selected with respect to the pipeline cross-section are represented in Fig. 5. They are
at angles of 0°, 22.5°, 45°, and 90° around the cross-section, respectively. Fig. 6 shows compression
of the upper pipeline under the explosive load of 6.5 kg From among all the 4 peak values, the
maximum pressure of 580.9 MPa occurred at element H17968, while H17788, H17728, and
H17668 represented the declining pressures of 356.1 MPa, 129.3 MPa, and 82.3 MPa,
respectively. Therefore, the maximum pressure for buried pipe explosive was seen when the angle
was between 0° to 45°and the minimum pressure occurred when the angle was about 45° to 90°.
Therefore, the maximum pressure of the buried pipe is very sensitive to the shear modulus, bulk
modulus, and density of the soil. Therefore, the top of the pipeline was the most vulnerable, so this

area of the pipeline ranging from 0 to 45° was the vulnerable area.

Fig. 5. Pressure contours on four elements of the pipeline with 6.5 kg of TNT

Fig. 6 illustrates the pressure value of pipe elements (H17968, H17788, H17728, and H17668) for
10 ms, and a comparison of the numerical simulation with the current study data to the pipe buried
under the explosion is illustrated. The time of the peak pressure is very important in the explosion,
thus validation is performed at that specific time in this paper. The peak pressure of propagation of
the shock wave between the numerical simulation and the current numerical, are 580.9 MPa and
535.3 MPa, respectively. The error between the numerical simulation and current study data is
7.85%, thus, the numerical simulation results were quite in agreement with the current study values.
The numerical simulation results similar to the current study values. Also, the results show good
agreement with current study data [10]. Fig.6 illustrates the pressure value of the pipe elements
which slight increases at first, then increases to a peak, and then finally decreases. This occurs

because the explosive loading direction opposite to the pressure of fluid in a buried pipe, where
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there is reduced pressure. The maximum pressure peaks of the four elements appear almost at the

same time.
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Fig. 6. The pressure-time curve of four different elements of water in buried pipe for 6.5 kg under explosion

Generally, after a pressure peak, when the pressure peak falls back, the pressure curves of a pipe
shake slightly and then fall to a stationary value, so the pressure of the fluid in the buried pipe can
help in stabilizing pipe pressure. Where pressure is positive in compression and negative in tension,
the peak pressures of all elements are compressed. In general, the time of the peak pressure is very
important in the explosion, and so validation is performed at the time of peak pressure of the
explosion in this paper. As for the numerical simulation, the incident shock wave occurs at 3.33 ms,

with a peak pressure of 580.9 MPA. The maximum pressure peak in the current study is 535.3 MPA
[10].

1250 4

1000

Pressure (MPA)

Time (ms)

Fig. 7. Comparing the pressure-time curve of oil, water, and gas in buried pipe for 6.5 kg under explosion
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Fig. 7 shows the pressure-time curve of the buried pipe by decreasing the fluid density from 1025

kg/m® to 800 kg/m® and also the fluid density decreasing to 0.65 kg/m® . Fig. 7 shows a comparison

between oil, water, and gas. As it can be seen from Fig. 7, peak pressure occurs at about 3.33

milliseconds for all fluids. Also, as seen in Fig.7, the pipe has undergone increased pressure by

reducing the fluid density in a way where the peak pressures for gas, oil, and water have become

equal to 976.67, 588.6, and 580.91 MPa, respectively. This indicates that the higher the fluid

density, the less pressure will be imposed on the pipe - and vice versa. This is confirmed by the

results shown in Fig. 7.

4. CONCLUSION

In this paper the conclusions are as follows:

1.

The figures show that the pressure values of pipe crown elements slightly increase first, then
increase to a peak, and finally decrease. This is because the explosive loading direction is opposite to
the pressure of fluid in the buried pipe, which leads to a decrease in pressure. The maximum pressure
for buried pipe explosives was seen when the angle was between 0° and 45°nd the minimum
pressure occurred when the angle was between 45° and 90°.Therefore, the maximum pressure of
the buried pipe is very sensitive to the shear modulus, bulk modulus, and density of the soil.
Generally, after a pressure peak, when the pressure peak falls back, the pressure curves of a pipe
shake slightly and then fall to a stationary value, so the pressure of the fluid in the buried pipe can
help in stabilizing pipe pressure. Therefore, the top of the pipeline was the most vulnerable. When
pressure is positive in compression and negative in tension, the peak pressures of all elements are
compressed.

In generally, by increasing the 1.23 times of liquid density under the explosion, the pressure levels in the soil
decreased by 1.3 percent. The gas pressure has been increasing more than oil and water pipes 39.73 and 40.52
percent, respectively, so the results show that the higher the fluid density, the less pressure will be

imposed on the pipe.
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