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Featured Application: Precise estimation of blast loading to drilling unit in offshore facilities.

Abstract: Explosions and fire have very critical safety hazard impacts on offshore oil and gas
facilities since they are mostly located in remote areas and could induce serious environmental issues.
Explosion risk assessment and structure blast analysis are essential for these production facilities,
and research studies have been carried out. Explosion due to blowout during drilling operation is also
a critical risk for drilling units, and this has not been researched much until the accident of the drilling
unit in the Gulf of Mexico in 2010. This paper provides the risk and evaluation of explosion and
structure under blast pressure during the drilling operation, whereas previous research studies have
mainly been interested in process plants. This study suggests weight saving in drilling units through
the consideration of the actual behavior of gas explosion. Weight saving is the priority of offshore unit
design due to payload. This research also gives guidelines to select the material-grade-appropriate
anti-explosion system through the comparison of several materials by design and result.

Keywords: drilling; drill floor; gas explosion; blast pressure propagation; dynamic structural response;
finite element method

1. Introduction

Research studies have been carried out on fires and explosions caused by oil and gas leakage in
Floating Production Storage Offloading (FPSO) as an offshore facility [1–5]. The drilling operation
is essential for oil and gas production, and there are risks from accidental blowout as well as from
induced fire and explosion. The key function of a drill floor is to hold the drilling equipment and
to support derrick and drilling operating loads. However, only a few studies on explosions and fire
related to drilling have been reported [6], and no observations of the structural response of the drilling
unit have been made when experiencing an explosion. This is the reason why this study focuses on
the drill floor. This study contributes to the investigation of the structure response of the drill floor of
a drilling unit and suggests a new approach for blast pressure application based on the observation
of blast pressure propagation. The drill pipe is connected to the drill hole in a seabed from the top
drive on a drill floor, and the oil and gas mixture can be blown out in the case of failure in the Blowout
Preventer (BOP) system during drilling operation. Leakage of oil and gas mixture is expected in the
connections over and under the drill floor; therefore, structural integrity of the drill floor is critical for
the entire facility when it experiences an accident. Quantitative risk analysis of oil and gas drilling has
been introduced based on Risk Influence Factors (RIFs) and Human and Organizational Factors (HOFs)
for the Deepwater Horizon blowout case [7]. Several safety barrier models were illustrated to mitigate
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and control the blowout accident, and event tree analysis was used to analyze the possible consequence
chains [8]. The blast wave propagation of an explosive detonation can cause disastrous damage on
various structures, and the computed results were found to be in agreement with the theoretical and
experimental data [9]. Simplified blast pressure estimation is not sufficient to describe the explosion
and blast wave propagation in complex facilities. The use of Computational Fluid Dynamics (CFD)
for blast wave predictions present a more precise estimation of the energy and resulting pressure
of the blast wave, and provides the ability to evaluate non-symmetrical effects caused by realistic
geometries, gas cloud variations, and ignition locations; however, the main challenge in applying CFD
is that these models require more information about the actual facility, including geometry details
and process information [10]. This study fully reflects the geometry and process information of a
typical drilling facility. A combined blast pressure approach was presented for a case in which the
design blast pressure was specified for engineering purposes using Flame Acceleration Simulator
(FLACS) software. This showed that the global blast pressure could result in an overly conservative
design, if the maximum explosion loads on each item are summed simultaneously [11]. This approach
is quite practical to use in the design and engineering of each component of oil and gas facilities,
such as the structure, piping, and electricals; however, this approach considers that blast pressure
effects on all facilities at the same time regardless of the distance from each facilities to a location of the
ignition. The relationships between blast pressure and impulse of FPSO topside blast walls has been
developed and a practical procedure for nonlinear structural response analysis of FPSO topside blast
wall under explosion loads was introduced. One was computed using time-domain nonlinear finite
element analysis, while the other was performed using a single degree of the freedom method based
on resistance function. Direct application of blast pressure from CFD analysis through a consequence
exceedance curve has been introduced [12,13]. In order to apply blast pressure effectively, a combined
application of blast pressure was carried out [14], and an improvement and alleviation method for
structures against blast pressure was proposed [15,16].

The blast pressure induced by an explosion propagates to the area within a short time, and the
pressure level increases as the explosion develops from the ignition point. Several applications of blast
pressure are compared. A more realistic and effective method for reducing the weight of the structure
is introduced. Many research studies on the production units such as FPSO were carried out compared
to the drilling unit. However, the consequences of the accident of both offshore units are critical in view
of the disaster of the Deepwater Horizon rig. Especially drill floors of drilling unit are packed with
drilling equipment and directly affected by accidents such as fire and explosion. Fire and explosion of
drill floor has not been studied enough. This evaluation is essential for the safety assessment of drill
floors and drilling units.

2. Drill Floor Design and Risk Assessment for Gas Explosion

2.1. General Information and Design Procedure for Drill Floor

The drill floor is generally located in the middle of a drillship or drill rig due to minimize motion
during the drilling operation. It primarily consists of a main deck supported on four cruciform columns
and eight supporting diagonal box girders. Another type consists of four rigid box girder columns to
support the drill floor. The decks of drill ships and drill rigs support the columns of the drill floor and
are reinforced to resist the force during operation. On the drill floor module, there is various equipment
such as a rotary table, eight matched pairs of riser tensioner, drawworks, winches, derrick, BOP sea
fixing, X-mas crane, etc. The mud module stores and provides mud to the drilling systems, and risers
are stacked in the riser deck. Several tests of oil and gas reservoir are carried out during the drilling
operation in a well test area. Figure 1 shows the general arrangement of the drilling unit explained above.
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* HVAC: heating, ventilation, and air conditioning unit. 

For structural analysis, FE modeling mass (1372 ton) of drill floor is adjusted to actual mass (4000 
ton) by multiplying the gravity factor (2.915). 

Figure 2 shows the general drill floor design flow chart. The overall dimension of the drill floor 
is determined by the drilling capacity and the general arrangement of the drilling facility. High tensile 
strength steel is preferred for use in the drill floor structure since it sustains heavy drilling load and 
equipment. The design temperature is also an important factor for choosing the material grade. Once 
the dimension and material are determined, the detailed geometry is created, and FE modeling is 
performed. Assessment of the design load involves many loadings on the drill floor. They include a 
combination of permanent, variable, functional, environmental, and accidental loads. The structural 
analysis is carried out by linear and non-linear analyses. These analysis outputs are investigated to 
meet the drill floor design criteria. If it meets the criteria, the design process is terminated, otherwise 
some improvement in the steel structure design such as reinforcement is to be considered. 

Figure 1. Overview of drillship and drill floor.

Table 1 presents the drill floor weight and the weight distribution in analysis, respectively.
This weight is assumed based on a previously conducted project data. The weight of the drill floor is
adopted in -finite element (FE) analysis with factorization to meet the total weight.

Table 1. Assumed drill floor weight in drilling operation.

Discipline Weight (ton)

Machinery 1500
Structure 2000

Steel outfitting 150
Outfitting machinery 10

Electrical 70
Architectural 10

HVAC * 10
Piping 250

Total 4000

* HVAC: heating, ventilation, and air conditioning unit.

For structural analysis, FE modeling mass (1372 ton) of drill floor is adjusted to actual mass
(4000 ton) by multiplying the gravity factor (2.915).

Figure 2 shows the general drill floor design flow chart. The overall dimension of the drill floor is
determined by the drilling capacity and the general arrangement of the drilling facility. High tensile
strength steel is preferred for use in the drill floor structure since it sustains heavy drilling load and
equipment. The design temperature is also an important factor for choosing the material grade.
Once the dimension and material are determined, the detailed geometry is created, and FE modeling is
performed. Assessment of the design load involves many loadings on the drill floor. They include a
combination of permanent, variable, functional, environmental, and accidental loads. The structural
analysis is carried out by linear and non-linear analyses. These analysis outputs are investigated to
meet the drill floor design criteria. If it meets the criteria, the design process is terminated, otherwise
some improvement in the steel structure design such as reinforcement is to be considered.
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obtained from the event tree and calculations. The exceedance curve is obtained from these 
probabilities and blast pressures. Generally, a certain probability level, as well as its corresponding 
pressure, is selected as the design pressure to avoid a too conservative actual design. This study uses 
the consequence level of blast pressure since the comparison and investigation of each pressure 
application is the main focus. Moreover, this study considers the characteristics of propagation of 
blast load in order to reflect the real nature of gas explosion and avoid obtaining a too conservative 
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Figure 2. Procedure of drill floor design.

2.2. Gas Explosion Risk Assessment and Management

Figure 3 shows the general drill floor design against blast load and the proposed methodology
for blast load application. Explosion scenarios are set up based on wind and gas properties, blowout
characteristics, and ignition locations. Consequence analysis includes gas dispersion analysis and
explosion analysis. These analyses are carried out for each blowout and ignition scenario, and the gas
volume and blast pressure time history are obtained for each scenario. FLACS program is used in this
study for gas dispersion and explosion analysis. The probability of each explosion scenario is obtained
from the event tree and calculations. The exceedance curve is obtained from these probabilities and
blast pressures. Generally, a certain probability level, as well as its corresponding pressure, is selected
as the design pressure to avoid a too conservative actual design. This study uses the consequence level
of blast pressure since the comparison and investigation of each pressure application is the main focus.
Moreover, this study considers the characteristics of propagation of blast load in order to reflect the
real nature of gas explosion and avoid obtaining a too conservative design for the anti-blast structure.
Detailed blowout scenarios and assumptions are described in Section 3.

2.3. The Contribution of This Study to Drill Floor Design for Blast Load

This study considers the characteristics of propagation of blast load in order to reflect the real
nature of gas explosion and avoid obtaining a too conservative design for the anti-blast structure.
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methodology for blast pressure application.

3. Blowout Explosion Analysis

Blowout in an oil and gas drilling facility means an uncontrolled flow of gas, oil, or other fluids
from the reservoir, i.e., loss of 1. barrier (i.e., hydrostatic head) or leak and loss of 2. barrier, i.e.,
(BOP/Downhole Safety Valve) [18]. This chapter describes the blowout scenarios that could occur
during the drilling operation. Based on the scenario, dispersion and explosion analysis is carried out
to use as input to the structural analysis of the drill floor.

3.1. FLACS Program

Explosion simulation was carried out using FLACS program. FLACS is a finite volume solver that
solves the Reynolds averaged mass, momentum, and energy balance equations, with special schemes
for supersonic flows and a database of chemical kinetics [19].

There are several approaches to analyze explosion such as the Smoothed Partial Hydrodynamic (SPH)
Method, Boundary Element Method (BEM) and Finite Volume Method (FVM). These methodologies are
reviewed, and a validity check has been carried out [20]. This study utilizes FLACS which adopts FVM,
since it is widely used and accepted for explosion analysis in offshore projects and petroleum industries.

Followings describe the mathematical model for compressible fluid flow used in FLACS.
Conservation principles have been applied to the following quantities in order to derive the conservation
equations [21,22]:

• Mass;
• Momentum;
• Enthalpy;
• Mass fraction of fuel (or products);
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• Mixture fraction;
• Turbulent kinetic energy;
• Dissipation rate of turbulent kinetic energy.

The equation of state is that of an ideal gas, and is presented in Equation (1):

pW = ρRT (1)

where p is absolute pressure, W is the molar weight of the gas mixture, ρ is density, R is the universal
gas coefficient and T is absolute temperature.

Conservation of mass (2):

∂
∂t
(βvρ) +

∂
∂x j

(
β jρu j

)
=

.
m/V (2)

where βv is volume porosity, β j is area porosity in j-direction, u j is mean velocity component in
j-direction,

.
m is mass rate and V is volume.

The conservation of momentum (3) secures that the relation between pressure and flow velocities
is representative.

∂
∂t
(βvρui) +

∂
∂x j

(
β jρu jui

)
= −βv

∂p
∂xi

+
∂
∂x j

(
β jσi j

)
+ Ri + Rw + βv(ρ− ρ0)gi (3)

where Ri represents flow resistance in i-direction due to obstruction, Rw is flow resistance due to wall,
σi j is stress tensor and gi is gravitational acceleration in i-direction (4) and (5).

Ri = − fiAiρ|ui|ui (4)

Ai =
1−βi

∆xi
(5)

and fi is a non-dimensional constant depending on type and orientation of the obstruction.
Conservation of enthalpy (6):

∂
∂t
(βvρh) +

∂
∂x j

(
β jρu jh

)
=

∂
∂x j

(
β j
µe f f

σh

∂h
∂x j

)
+ βv

Dp
Dt

+
.

Q (6)

where h is enthalpy, µe f f is effective viscosity, and
.

Q is heat flow rate.
Conservation of fuel mass fraction (7):

∂
∂t
(βvρYfuel) +

∂
∂x j

(
β jρu jYfuel

)
=

∂
∂x j

(
β j
µe f f

σ f uel

∂Yfuel

∂x j

)
+ Rfuel (7)

where Yfuel is mass fraction and Rfuel is reaction rate for fuel.
Conservation of mixture fraction (8):

∂
∂t
(βvρ f ) +

∂
∂x j

(
β jρu j f

)
=

∂
∂x j

(
βj
µe f f

σ f

∂ f
∂x j

)
(8)

where f is mixture fraction.
The turbulence equation includes conservation of turbulent kinetic energy (9):

∂
∂t
(βvρk) +

∂
∂x j

(
βjρujk

)
=

∂
∂x j

(
βj
µe f f

σk

∂k
∂x j

)
+ Pk −βvρε (9)
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where k is turbulent kinetic energy, Pk is production rate of turbulent kinetic energy, and ε is dissipation
rate of turbulent energy.

Conservation of dissipation rate of turbulent kinetic energy (10):

∂
∂t
(βvρε) +

∂
∂x j

(
β jρu jε

)
=

∂
∂x j

(
β j
µe f f

σε

∂ε
∂x j

)
+ Pε −C2βvρ

ε2

k
(10)

where Pε is the production rate for dissipation of turbulent kinetic energy and C2 is constant in the
k− ε equation; typically, C2 = 1.92.

The stress tensor in the above equations is given by (11):

σi j = µe f f

(
∂ui
∂x j

+
∂u j

∂xi

)
−

2
3
δi j

(
ρk + µe f f

∂uk
∂xk

)
(11)

where δi j is Kronecker delta function, δi j = 1, if i = j, δi j = 0 if i , j.
There is a set of turbulent Prandtl–Schmidt numbers, σ. Prandtl–Schmidt numbers compare the

diffusion of the variable in question to the dynamic viscosity [22]. The turbulent Prandtl–Schmidt
numbers are σh = 0.7, σ f uel = 0.7, σ f = 0.7, σk = 1.0, σε = 1.3. Variables in the above equations are
computed based on constants given the above and initial conditions described in Section 3.2.

A mesh convergence study is needed for explosion analysis as well as to determine the appropriate
level of result and is carried out in previous study [23]. Grid resolution of 1 m is adopted according
to the description of grid size in FLACS manual [22] which recommends appropriate mesh size for
large offshore platform instead of convergence study. Following the recommended grid size in FLACS
manual [22] has been generally accepted in ongoing offshore project. The area of drillship topside is
similar to the large offshore platform.

FLACS solves the equations above such that the overpressures from the previous time step,
the momentum equation, give a velocity field, which will be corrected along with the updated pressure
and density field [19].

3.2. Major Assumptions for Simulation

The blowout flow direction is upward over and under the drill floor, since the major stream
direction from the sea bottom to the drilling unit is vertical. The flow rate is classified into two
categories. One is full blowout (150 kg/s) and the other is restricted blowout (35 kg/s). These values are
generally accepted by the oil and gas industry. As full blowout induces a denser gas cloud and higher
explosion pressure, this study adopts the full blowout case. The gas composition is assumed to be 80%
methane and 20% pentane. The environmental conditions were adopted as wind speed 5.4 m/s and air
temperature 23 ◦C, which are considered to represent mild weather for general drilling operations.
The wind direction is from Living Quarter (LQ), since making the wind to be in the head sea direction
is normal during drilling operations for several safety reasons, for example, in the case of toxic material
leakage, the LQ should not be exposed.

3.3. Explosion Cases According to Blowout Locations

Figure 4 presents the blowout locations. Two blowout locations are assumed. One is on the drill
floor and the other is under the drill floor. Blowout occurs on the rotary table over and under the drill
floor. The blowout direction is upward due to the direction of oil and gas flow.



Appl. Sci. 2020, 10, 8841 8 of 22

Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 22 

𝜕𝜕𝑡 (β ρε) + 𝜕𝜕𝑥 β ρ𝑢 ε = 𝜕𝜕𝑥 𝛽 𝜇𝜎 𝜕𝜀𝜕𝑥 + 𝑃 − 𝐶 β ρ ε𝑘  (10) 

where 𝑃  is the production rate for dissipation of turbulent kinetic energy and 𝐶  is constant in the k − ε equation; typically, 𝐶 = 1.92 
The stress tensor in the above equations is given by (11): σ = 𝜇 𝜕𝑢𝜕𝑥 + 𝜕𝑢𝜕𝑥 − 23 𝛿 (ρk + 𝜇 ∂u∂x ) (11) 

where 𝛿  is Kronecker delta function, 𝛿  = 1, if i = j, 𝛿  = 0 if i  j.  
There is a set of turbulent Prandtl–Schmidt numbers, σ. Prandtl–Schmidt numbers compare the 

diffusion of the variable in question to the dynamic viscosity [22]. The turbulent Prandtl–Schmidt 
numbers are 𝜎 = 0.7, 𝜎 = 0.7, 𝜎 = 0.7, 𝜎 = 1.0, 𝜎 = 1.3.  

Variables in the above equations are computed based on constants given the above and initial 
conditions described in Section 3.2.  

A mesh convergence study is needed for explosion analysis as well as to determine the 
appropriate level of result and is carried out in previous study [23]. Grid resolution of 1 m is adopted 
according to the description of grid size in FLACS manual [22] which recommends appropriate mesh 
size for large offshore platform instead of convergence study. Following the recommended grid size 
in FLACS manual [22] has been generally accepted in ongoing offshore project. The area of drillship 
topside is similar to the large offshore platform. 

FLACS solves the equations above such that the overpressures from the previous time step, the 
momentum equation, give a velocity field, which will be corrected along with the updated pressure 
and density field [19].  

3.2. Major Assumptions for Simulation 

The blowout flow direction is upward over and under the drill floor, since the major stream 
direction from the sea bottom to the drilling unit is vertical. The flow rate is classified into two 
categories. One is full blowout (150 kg/s) and the other is restricted blowout (35 kg/s). These values 
are generally accepted by the oil and gas industry. As full blowout induces a denser gas cloud and 
higher explosion pressure, this study adopts the full blowout case. The gas composition is assumed 
to be 80% methane and 20% pentane. The environmental conditions were adopted as wind speed 5.4 
m/s and air temperature 23 °C, which are considered to represent mild weather for general drilling 
operations. The wind direction is from Living Quarter (LQ), since making the wind to be in the head 
sea direction is normal during drilling operations for several safety reasons, for example, in the case 
of toxic material leakage, the LQ should not be exposed. 

3.3. Explosion Cases According to Blowout Locations 

Figure 4 presents the blowout locations. Two blowout locations are assumed. One is on the drill 
floor and the other is under the drill floor. Blowout occurs on the rotary table over and under the drill 
floor. The blowout direction is upward due to the direction of oil and gas flow. 

(a) (b) 

Figure 4. Blowout location (a) on the drill floor and (b) under the drill floor. Figure 4. Blowout location (a) on the drill floor and (b) under the drill floor.

3.4. Dispersion and Gas Cloud after Blowout

Gas cloud forms above or below the drill floor after blowout before ignition, and the corresponding
sets of gas filling ratio and volume of flammable range are listed in Tables 2 and 3.

Table 2. Gas filling ratio and gas volume above the drill floor.

No Filling
Ratio (%)

Gas Cloud Dimension (m)
Volume (m3)X Y Z

1 50 26 20 16.25 8450
2 40 26 20 13 6760
3 30 26 20 9.75 5070
4 20 26 13.34 9.75 3382

Table 3. Gas filling ratio and gas volume below the drill floor.

No Filling
Ratio (%)

Gas Cloud Dimension (m)
Volume (m3)X Y Z

1 30 30 22.4 11.2 7553
2 20 30 22.4 7.5 5022
3 10 23.8 17.8 5.94 2516

The blowout scenarios are described in Tables 4 and 5. In this study, fifteen ignition points are
included in the scenario for each gas cloud volume with the shape of cube. The ignition points are
located at the center (1 point) and each corner (8 points) of gas cloud cube. On the center of each cube
face, six ignition points are also positioned. Ignition is assigned at the designated point and propagates
to the end of the gas volume.

Table 4. Blowout and explosion scenarios above the drill floor.

Ignition Points Filling Ratio Cloud Volumes

1. Center of gas cloud (1 point) 1. 50% 8450 m3

2. Corner of gas cloud (8 points) 2. 40% 6760 m3

3. Center on surface of gas cloud
(6 points)

3. 30% 5070 m3

4. 20% 3382 m3

Table 5. Blowout and explosion scenarios below the drill floor.

Ignition Points Filling Ratio Cloud Volumes

1. Center of gas cloud (1 point) 1. 30% 7553 m3

2. Corner of gas cloud (8 points) 2. 20% 5022 m3

3. Center on surface of gas cloud (6 points) 3. 10% 2516 m3

Figure 5a,b show the gas cloud with a concentration higher than 20% of Lower Flammable
Limit(LFL) when gas is released from the center of the main well’s rotary table on the drill floor at
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full flow rate (150 kg/s), with 5.4 m/s wind blowing from the forward and aft directions, respectively.
The simulation results imply that the released flammable gas is well vented without exposing the
topside outside the derrick to the concerned level of concentration (>20% of LFL).
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Figure 6 shows the gas cloud with concentration higher than 20% of LFL when gas is released
from the center of the telescopic joint where the inner barrel enters the outer barrel. The elevation
of the leak point is assumed to be at the middle of the stroke, i.e., approximately 16.3 m below the
drill floor level. The release is modelled to be upward as the inner barrel is above the outer barrel
of the telescopic joint. The gas is released at full flow rate (150 kg/s), and 5.4 m/s wind blows from
the forward direction. The simulation results imply that the released flammable gas is well vented
without exposing the topside outside the derrick to the concerned level of concentration (>20% of
LFL). According to the simulation result, the aft part of the drillship is engulfed by a gas cloud with
concentration higher than 20% LFL.
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Explosion simulations were carried out, and snap shots for explosion over and under the drill
floor are shown in Figure 7.
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Figure 7. (a) Visualization of flame 1.117 s after the gas cloud filling 50% of the derrick volume is
ignited at the center of the bottom surface. (b) Visualization of flame 2.106 s after the gas cloud filling
30% of the moon pool volume is ignited at the aft starboard bottom corner.

4. Blast Pressure Selection from Explosion Analysis Results

4.1. Explosion Model and Pressure Measurement and Grouping

Figure 8 presents the FLACS explosion model based on the geometry that was built to reflect the
real features of the drilling unit in detail. The FLACS program imports the geometry model and trims
minor parts that would not influence the explosion simulation. The grid square area is the top of the
drill floor, and the yellow pressure panels on the drill floor indicate the location where the pressure
values are measured. The blast pressure of each panel is the mean value of the panel area. Figure 9a
presents the blast pressure group of the drill floor in detail. A pressure group is created for effective
application of the blast pressure. Figure 9b presents the application of the finite element model for
structural analysis based on the pressure group. The maximum pressure of each pressure group is
selected for nonlinear FE analysis.
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4.2. Blast Pressure Propagation Features

Figure 10 shows the time history plot of each grouped area of the drill floor. The ignition starts in
pressure group SM (starboard-middle) and propagates to the adjacent areas. The pressure amplitude
increases in a narrow and confined area. The representative panel has the highest peak blast pressure in
each group. Ignition starts at the center of the port surface of the gas cloud, i.e., SM area and propagates
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to the port side, forward, and backward. The amplitude of pressure increases as the explosion develops.
This case is one of the explosion scenarios, and the reason for selecting this case is to consider the
highest peak pressure on the drill floor.
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Figure 10. (a) Pressure group on the drill floor, (b) time history plot of blast pressure on group SA-SM-SF,
(c) time history plot of blast pressure on group MA-MM-MF and (d) time history plot of blast pressure
on group PA-PM-PF.
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Figure 11 presents the explosion analysis results from the FLACS program according to time about
0.01 s. This shows blast pressure propagation and pressure amplitude according to time. This study
suggests reflecting this propagation in Nonlinear FE analysis to pick up realistic behavior of explosions.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 24 
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4.3. New Methodology for Blast Pressure Application

4.3.1. Idealization of Blast Pressure Profile

Figure 12 presents the idealization of the representative blast wave of pressure group PF (Port
Forward). The maximum blast pressure area is investigated to define the positive and negative phases.
It is shown that the positive phase lasts 0.08 s, while the negative phase lasts 0.16 s. The positive
peak pressure is observed at 1.29 s and the negative peak pressure is idealized at 1.41 s. The negative
pressure duration is two times the positive pressure duration.
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4.3.2. Assessment of Blast Pressure Propagation Time

Figure 13 presents the time when the blast pressure moves into another pressure group area.
The pressure group areas are divided by the red line. A pressure group consists of nine areas in order
to apply pressure effectively. The blast pressure propagation is assumed to take 0.03 s to reach each
pressure panel group.
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4.3.3. Blast Pressure Application Considering Propagation Features

Figure 14 presents the pressure applied on the pressure groups and the configuration of pressure
in the time domain. Figure 14a shows the application of the highest blast pressure of the drill floor on all
the areas at the same time. This Overall Peak is widely used in structural analysis due to its simplicity
for application; however, it could overestimate the pressure and is considered as a very conservative
approach, which results in a heavy blast protection structure. Figure 14b shows the application of the
average drill floor blast pressure on all the areas at the same time. This Overall Average uses the same
methodology as that of the Overall Peak, except the application pressure. The overall average value
of the entire drill floor area is calculated and applied. This method is simple to use; however, it is
considered to underestimate the pressure since there exists higher pressure than the average pressure.

Figure 14c shows the application of the peak pressure of each grouped area on each area at
the same time. This methodology improved the Overall Peak and Overall Average blast pressure
application since these two ways of selecting the pressure could over- or underestimate the blast
pressure. This divides the area into groups, selects the peak pressure of the group, and uses it as the
blast pressure [14].

Figure 15 shows the application of peak pressure of each grouped area and includes the blast
pressure propagation based on the explosion reviewed in Figures 11 and 13, which represent the nature
of explosion. When the ignition occurs in the flammable gas cloud, the explosion propagates through
the area. The methodology proposed in this study considers this nature of explosion. Based on the
time gap required for propagation through the area, which is obtained from the review of the explosion
result, the peak pressure of the group is applied to each group area. Ignition occurs in area No. 1
and the explosion pressure propagates through areas No. 2, No. 3, and No. 4 shown in Figure 15.
The result of the explosion shows that the pressure amplitude increased in area No. 4. This can capture
the nature of explosion, and the result of each pressure application is investigated in Section 5.



Appl. Sci. 2020, 10, 8841 14 of 22
Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 22 

 
(a) (b) (c) 

Figure 14. Blast pressure application and pressure configuration in time domain for (a) overall peak, 
(b) overall average, and (c) group peak. 

 
(a) (b) 

Figure 15. Proposed methodology for blast pressure application: group peak and propagation, (a) 
blast pressure application and (b) pressure configuration in time domain. 

5. Structural Analysis 

5.1. Implementation to Finite Element Analysis 

5.1.1. Finite Element Model 

The numerical analysis was performed using the explicit formulation available in the Abaqus 
finite element software package, and the equations of motion were solved using the central difference 
time integration rule [24]. The program is a special-purpose analysis tool that uses explicit dynamic 
finite element formulation. It is proven to be suitable for modeling brief, transient dynamic events 
such as blast and impact problems, and has been used in previous research [25–27]. The total number 
of elements and nodes are 84,788 and 81,133, respectively. The mesh size is about 50 × 50 mm2 in 
order to reflect the details of the drill floor. Element types S4R and S3R were selected for the analysis. 
S4R stands for 4-node general-purpose shell, reduced integration with hourglass control, finite 
membrane strains and S3R stands for 3-node triangular general-purpose shell, finite membrane 
strains. These shell element types in Abaqus use reduced (lower order) integration to form the 

Figure 14. Blast pressure application and pressure configuration in time domain for (a) overall peak,
(b) overall average, and (c) group peak.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 22 

 
(a) (b) (c) 

Figure 14. Blast pressure application and pressure configuration in time domain for (a) overall peak, 
(b) overall average, and (c) group peak. 

 
(a) (b) 

Figure 15. Proposed methodology for blast pressure application: group peak and propagation, (a) 
blast pressure application and (b) pressure configuration in time domain. 

5. Structural Analysis 

5.1. Implementation to Finite Element Analysis 

5.1.1. Finite Element Model 

The numerical analysis was performed using the explicit formulation available in the Abaqus 
finite element software package, and the equations of motion were solved using the central difference 
time integration rule [24]. The program is a special-purpose analysis tool that uses explicit dynamic 
finite element formulation. It is proven to be suitable for modeling brief, transient dynamic events 
such as blast and impact problems, and has been used in previous research [25–27]. The total number 
of elements and nodes are 84,788 and 81,133, respectively. The mesh size is about 50 × 50 mm2 in 
order to reflect the details of the drill floor. Element types S4R and S3R were selected for the analysis. 
S4R stands for 4-node general-purpose shell, reduced integration with hourglass control, finite 
membrane strains and S3R stands for 3-node triangular general-purpose shell, finite membrane 
strains. These shell element types in Abaqus use reduced (lower order) integration to form the 

Figure 15. Proposed methodology for blast pressure application: group peak and propagation, (a) blast
pressure application and (b) pressure configuration in time domain.

5. Structural Analysis

5.1. Implementation to Finite Element Analysis

5.1.1. Finite Element Model

The numerical analysis was performed using the explicit formulation available in the Abaqus
finite element software package, and the equations of motion were solved using the central difference
time integration rule [24]. The program is a special-purpose analysis tool that uses explicit dynamic
finite element formulation. It is proven to be suitable for modeling brief, transient dynamic events
such as blast and impact problems, and has been used in previous research [25–27]. The total number
of elements and nodes are 84,788 and 81,133, respectively. The mesh size is about 50 × 50 mm2

in order to reflect the details of the drill floor. Element types S4R and S3R were selected for the
analysis. S4R stands for 4-node general-purpose shell, reduced integration with hourglass control,
finite membrane strains and S3R stands for 3-node triangular general-purpose shell, finite membrane
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strains. These shell element types in Abaqus use reduced (lower order) integration to form the element
stiffness; however, the mass matrix and distributed loadings are still integrated exactly. Reduced
integration usually provides more accurate results (provided the elements are not distorted or loaded
in in-plane bending) [28].

Figure 16 presents the configuration of the geometry and the FE model used in this study. The finite
element model for the structural analysis of the drill floor shown in Figure 16b simplifies the geometry
model to save analysis time. However, the details of the primary and secondary structures are
well represented.
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5.1.2. Material Properties and Behavior

The mechanical behavior of the materials that compose the drill floor was defined in accordance
with the framework of the finite element analysis. Mild steel, S235, S355, and S460, are typically
adopted for the offshore unit and were therefore selected as the structural material of the FE model
in this study. The material properties of the selected materials were obtained from DNV Offshore
Classification, “Determination of Structural Capacity by Non-linear FE Analysis Methods”, and are
summarized in Table 6.

Table 6. Summarization of material properties.

Material
Elastic

Modulus
(GPa)

Poisson’s
Ratio

Density
(kg/m3)

Engineering True

Min.
Yield

Strength
(MPa)

Min.
Ultimate
Strength

(MPa)

Critical
Strain

Min.
Yield

Strength
(MPa)

Min.
Ultimate
Strength

(MPa)

Critical
Strain

S235 205 0.3 7850 235 360 0.20 236.2 432.6 0.1817
S355 205 0.3 7850 355 470 0.15 357.0 541.0 0.1391
S460 205 0.3 7850 460 540 0.10 462.8 595.4 0.0948

During the FE analysis, the drill floor behaved according to the elastic modulus until the stress
reached the yield strength presented in Table 6, and in the plastic region of the stress–strain relation,
each material comprising the FE model behaved according to a sequence of the piecewise linear
plasticity model, which is commonly adopted for shell elements. From DNV Offshore Classification,
an engineering stress–strain curve was obtained and converted to a true stress–strain curve based on
the logarithmic relationships that have σture = σeng

(
1 + εeng

)
and εture = ln

(
1 + εeng

)
. The obtained

true stress–strain relation was applied to material behavior in the FE analysis.



Appl. Sci. 2020, 10, 8841 16 of 22

5.1.3. Strain Rate Effect

The strain rate effect on the material behavior was accounted for by implementing the
Cowper–Symonds relation into the material constitutive model in this study. This model is widely used
for expressing material behavior under dynamic loading conditions, and in this model, an increase in
the stress flow at a high strain rate can be defined by the following Equation (12):

σD

σS
= 1 +

( .
ε

D

) 1
q

(12)

where σD is the dynamic stress at a particular strain rate, σS is the static stress,
.
ε is the uniaxial plastic

strain rate, and D and q are constants for steel.
The scale of increase in the yield strength at a high strain rate can be controlled by the determination

constants D and q, which are commonly obtained from the dynamic tensile test results. The test result
of S355 and S460 are available in “Elevated temperature and high strain rate properties of offshore
steel”. The increase in the yield strength of S235 is obtained from the equation of Cowper–Symonds,
and D = 4000 and q = 5 as proposed by DNV-RP-C208.

5.1.4. Structural Design Criteria against Explosion

Owing to the characteristics of onerous accidental events of explosion, the design against explosion
allows plastic strain and permanent deformation so that the structure is not too heavy. The general
criteria of allowance are shown in Table 6 as critical strain. The design critical strain is less than the
fracture strain, and this means that the main structure does not experience fracture with the safety
factor. The critical strain is sometimes less than that in Table 6 by 0.05 in order to have sufficient safety
factor according to the tendency of the designer or the operator of the facility.

5.1.5. Load Cases According to Explosion Scenario

Table 7 presents the load cases, including the pressure type, area, applied time, and material in
order to study the effect of pressure loading type and material. In load case-1, the maximum peak
pressure for all pressure group areas is applied at the same time. In load case-2, the averaged peak
pressure for all pressure group areas is applied at the same time. In load case-3, the maximum peak
pressure for each pressure group area is applied at the same time. In load case-4, the maximum peak
pressure for each pressure group area is applied according to the propagation with a time lag.

Table 7. Load cases for analysis of structure response.

Explosion
Location

Load Cases Steel Grade
Deflection Strain

No Description (MPa)

On
Drill Floor

Overall
Peak

Case-1

Pressure Peak Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area All Area 355
Time Same Time 460

Overall
Average
Case-2

Pressure Average Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area All Area 355
Time Same Time 460

Group
Peak

Case-3

Pressure Peak Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area Each Area 355
Time Same Time 460

Proposed
Case-4

Pressure Peak Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area Each Area 355
Time Propagation 460
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Table 7. Cont.

Explosion
Location

Load Cases Steel Grade
Deflection Strain

No Description (MPa)

Under
Drill Floor

Overall
Peak

Case-5

Pressure Peak Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area All Area 355
Time Same Time 460

Overall
Average
Case-6

Pressure Average Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area All Area 355
Time Same Time 460

Group
Peak

Case-7

Pressure Peak Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area Each Area 355
Time Same Time 460

Proposed
Case-8

Pressure Peak Pressure 235
Frame

Deck Plate
Frame

Deck Plate
Area Each Area 355
Time Propagation 460

5.2. Simulation Results and Discussion

5.2.1. Displacement of Frame and Plate of Drill Floor

The response of the structure against blast pressure was evaluated through analytical and numerical
studies [29,30]. Figure 17 presents the displacement of the frame and plate when blast pressure was
applied on the drill floor. The displacement of the frame (Figure 17a) shows clear oscillations unlike the
plate in Figure 17b due to higher stiffness. The oscillation of the plate is more complicated than that of a
single frame, because a plate has lower stiffness and requires more time for attenuation than a frame.
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Figure 17. Displacement of (a) frame and (b) plate (material: S235).

For displacement of the frame, Overall Average (case-2) has the lowest amplitude of displacement
due to the application of the lowest pressure. However, this is the average of the peak pressure of
all pressure groups; therefore, using the average value of pressure could result in a less conservative
design. Overall Peak (case-1) shows the largest amplitude of displacement among all cases. However,
this case applies the highest pressure in each pressure group; therefore, this approach could result in a
too conservative design. Group Peak (case-3) and Proposed (case-4) have the peak pressure levels
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for each pressure group, which are reasonable pressure levels; however, the two cases have different
methods of applying pressure according to time. Group Peak (case-3) applies pressure at the same
time, whereas Proposed (case-4) involves propagation of blast pressure. Proposed (case-4) seems to
be more realistic, since this reflects the actual pressure propagation shown in Figure 15. Proposed
(case-4) has less amplitude of displacement than Group Peak (case-3). The difference in displacement
according to the material is not expected. The displacements for S355 and S460 were similar to that for
S235, as summarized in Table 8.

Table 8. Minimum and maximum displacements of frame (m).

Load Case
Material

S235 S355 S460

Overall Peak
Case-1

Min −0.0852 −0.0842 −0.0842
Max 0.0882 0.0885 0.0887

Overall Average
Case-2

Min −0.0485 −0.0485 −0.0485
Max 0.0487 0.0488 0.0488

Group Peak
Case-3

Min −0.0814 −0.0810 −0.0809
Max 0.0824 0.0828 0.0831

Proposed
Case-4

Min −0.0556 −0.0554 −0.0554
Max 0.0398 0.0403 0.0404

Due to the complex behavior of displacement, clear characteristics are hardly observed in a plate,
compared with the displacement of a frame. Fluctuations last longer than that in a frame due to the
lower stiffness. The displacements for S355 and S460 were similar to that for S235, as summarized in
Table 9.

Table 9. Minimum and maximum displacements of plate (m).

Load Case
Material

S235 S355 S460

Overall Peak
Case-1

Min −0.090 −0.089 −0.089
Max 0.072 0.073 0.073

Overall Average
Case-2

Min −0.090 −0.057 −0.057
Max 0.072 0.045 0.045

Group Peak
Case-3

Min −0.088 −0.086 −0.086
Max 0.070 0.069 0.069

Proposed
Case-4

Min −0.100 −0.099 −0.099
Max 0.047 0.047 0.047

5.2.2. Displacement and Area of Plate

The relationship between plate area and displacement is significant since the displacement of the
supports or structures attached to the floor or blast wall due to the blast pressure is influenced by the
plate area. Figure 18a presents the location of measurement for displacement, for different area sizes.
Explosion for case-1 is selected to investigate the relationship. One side of each area is fixed, and the
dimension of the other side is changed.
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each area in case-1.

Figure 18b presents the amplitude of displacement of the plate. The displacement of the middle
point of each area is investigated. The size of each area is shown in Table 10. The magnitude of
displacement increases according to the size of the plate; however, it is not exactly a proportional relation.

Table 10. Displacement of plate for areas in case-1.

Areas Material Displacement
Ratio

Name Dimension Ratio S235 S355 S460

Area-1
2.375 m × 1.305 m

1.00
Min −0.031 −0.031 −0.031

1.003.099 Max 0.022 0.022 0.022

Area-2
2.375 m × 1.995 m

1.53
Min −0.076 −0.076 −0.076

2.624.738 Max 0.060 0.061 0.061

Area-3
2.375 m × 3.155 m

2.42
Min −0.091 −0.089 −0.089

3.137.493 Max 0.072 0.073 0.073

The ratio of displacement increases until the ratio of the two sides of the plate is 1:1, i.e., Area-1
to Area-2 is larger than the ratio of increase in displacement after the ratio of the two sides of the
plate is 1:1 (i.e., Area-2 to Area-3). The displacements for S355 and S460 are similar to that for S235,
as summarized in Table 10.

5.2.3. Strain of Drill Floor Frame for Applied Pressure

Figure 19a presents the strain profile of frame S235 according to the applied pressure and load
cases described in Figures 14 and 15. Overall Peak (case-1) has the largest strain value, followed by
Group Peak (case-2) and Overall average (case-3). Proposed (case-4) showed the lowest level of strain.
Therefore, the application of propagation of blast pressure can obtain a lower strain result.

It is notable that Proposed (case-4) has the lowest strain level among all cases, although Overall
average (case-2) has the average pressure of the panel. This is considered to be due to the new
methodology of blast pressure application. Cases-1, 2, and 3 apply blast pressure at the same time;
however, case-4 applies the blast pressure in a time interval. This results in the lower level of strain.
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the material.

Figure 19b presents the strain profile for load case-1 according to the material. S235 has the highest
strain level and S460 has the lowest level. The displacements for the same load cases for different
materials show almost the same result; however, the material with higher strength shows lower stain.
This is due to the higher yield point. Generally, mild steel has been considered to have an advantage
when steel experiences ductile behavior, since it has a higher capacity of energy absorbance. However,
high strength steel has a low strain level for the same blast pressure. This is meaningful for design,
since all blast prevention engineering targets a certain strain level, not a fracture of the structure.
High strength materials are preferred for offshore structures due to the payload. Through this study,
the selection of high strength materials is justified for strength and blast resistant designs. A plate has
no strain at this blast pressure level due to its flexibility compared with a frame structure. A plate is
considered to have more capacity for strain than a frame structure. The maximum strain for each load
case and material grade is summarized in Table 11.

Table 11. Maximum strain for each load case and material.

Load Case
Material

S235 S355 S460

Overall Peak
Case-1 4.38% 2.57% 1.93%

Overall Average
Case-2 1.34% 0.36% 0.15%

Group Peak
Case-3 1.90% 0.79% 0.49%

Proposed
Case-4 0.81% 0.17% 0.00%

6. Conclusions

The objective of the present study is to describe the blowout scenario and explosion cases, and then
develop an improved application of blast pressure to the drill floor according to the propagation
of blast pressure in an offshore drilling unit. The improved pressure application is compared with
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maximum single, total average, and group pressure application. The inferences from the present study
are summarized below.

• The characteristics of blast pressure propagation after ignition in gas dispersion due to blowout
are described. The blast pressure value increases as the explosion propagates the gas volume
within the drill floor.

• This study proposed an improved grouped blast pressure reflecting propagation, which captures
the phenomenon of explosion in a more realistic manner. The maximum single method is a
very conservative approach and could result in a heavy structure. The total average method is
non-conservative and could therefore fail to catch higher pressure than the average. A group
method is developed to make up for the above two methods, but it does not fully reflect the
nature of explosion. The method proposed in this study captures the nature of the explosion
and estimates the blast pressure accurately, therefore contributes to a safer and lighter blast
resistant design for offshore facility structures, which are very sensitive to weight due to buoyancy
and payload.

• Different grades of steels generally used in offshore structures are introduced and compared in
terms of exposure to blast pressure. As the material for blast resistance, a low tensile material is
considered favorable since it has sufficient ductility than high tensile ones. However, this study
shows that high tensile material, which is widely used in offshore facilities from the viewpoint of
strength, has advantage in strain as well.
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