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Abstract: As the stress of the frame, especially the bottom side rail supports and bottom inclined
supports, of a traditional LNG tank container could be significantly greater than its allowable stress,
and the container cannot meet the strength requirement of the specification when it is impacted by a
transport vehicle during railway transportation, three improved frame structures were suggested,
which removed or changed the side rails or bottom inclined supports; the stress and deformation of
these improved frames and the tank container were analyzed using the finite element method under
the impact test. The results show that all three improved frames can meet the strength requirement,
i.e., the maximum Mises stress is less than the allowable stress and the deformation requirement of
the diagonal length difference is less than the allowable value, meaning that the tank containers with
improved frames can pass the impact test. Moreover, for the FRP support rings and impact side heads,
although the maximum values are different, they are still less than the respective allowable stresses.
In addition, the maximum value of the middle cross section of the outer vessel in the direction of
gravity does not increase with the change in the frame, and the deformation of the outer vessel
remains within the elastic range. Therefore, the improvements of the frames have little effect on the
stress and deformation of the other components of the tank container, in particular, the inner vessel
and outer vessel. Compared to the frame of the traditional tank container, removing the side rails
partially or completely can reduce the weight of the frame by 17.99% and 38.34%, respectively, greatly
reducing manufacturing and transportation costs. It can also reduce the maximum Mises stress by
38.89% and 39.24% and the maximum diagonal difference by 57.95% and 61.16%.

Keywords: tank container; impact test; structural improvement; numerical simulation

1. Introduction

During railway transportation, the stress state of tank containers, especially the frame,
will be drastically changed due to impact from transport vehicles, accompanied by high
local stresses, which may lead to damage to the frame in the form of strength failure
and affect the safety of tank containers. Therefore, it is essential to analyze the stress
and deformation of the frame under impact to ensure that it meets the corresponding
specifications. Furthermore, reducing the weight of the frame while maintaining its safety
can save transportation costs, which also has a high significance in engineering applications.

Studies on tank containers have been extensively performed. Wang et al. [1] introduced
a novel technique for determining the vacuum pressure of tank containers: measuring
the temperature (T0) of the outside surface of the multilayer insulating material. The
vacuum pressure tank containers with multilayer insulation material can be easily and
consistently monitored using this technology. Yu et al. [2] used three different types of
experiments—prototype, field, and self-pressurization experiments—to examine how ship
motion affected the pressurization and holding time of LNG tank containers. Vrabel et al. [3]
assessed the movement of semitrailer vehicles carrying tank containers during and right
after forceful braking. They also conducted a comparison between tank containers that had
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breakwater plates and those that did not. Kim et al. [4] addressed the feasibility of using a
tank container as the fuel tank for an LNG-fueled ship and investigated the advantages
of doing so. Additionally, static analysis of the structure using the finite element method
and the impact test was performed. Peng et al. [5] carried out a transportation test for LNG
tank containers in order to evaluate the safety of LNG tank container transportation on
waterways. The test findings show that the LNG tank container’s pressure increased grad-
ually throughout waterway transportation, staying within a safety range. Fomin et al. [6-8]
discovered that fittings” impact interaction with corner castings causes increased stresses
in both containers and the flat wagon’s structural components. To decrease the impact
loads, it was suggested that fittings were filled with viscous or viscoelastic compounds with
dumping or anticorrosive qualities. Furthermore, because of the potential for movements
of the tank container in relation to the flat wagon frame because of a technological gap
in the pair “fitting stop-fitting”, the acceleration exceeds that allowed by the regulatory
standards. A 3D finite element model was created by Sergeichev et al. [9] to simulate the
shape and real layups of the wound and infused composite layers of the tank. In addition to
the normative load instances, coupled Eulerian-Lagrangian analyses were used to perform
the FE simulation of the dynamic crash test. The finite element research was carried out
under various design loads and operating conditions by Muttagqie et al. [10], who provided
a thorough method for figuring out the scantling size of the LNG-type 20 ft ISO container.
According to Liguori et al. [11], the highest value of the stresses can be significantly reduced
by altering parameters like the plate and skirt thickness and then acting on the arrangement
of the corner supports. This improves the distribution of stiffness in the structure and
reduces the weight of the tank container, albeit slightly. Real holding time testing was
conducted on ISO LNG tank containers by Ryou et al. [12]. The internal pressure of the
LNG tank container immediately increased upon LNG filling, then it decreased throughout
container movement, according to the results. But with time, it stabilized and began to
follow the graph of liquid—vapor equilibrium. In order to determine how dynamic qualities
depend on factors such as amplitude, frequency, gap size, and others, De Souza et al. [13]
simulated a seven tier stack made up of a scaled model of a 20 ft ISO freight container
and its linking connectors. The stack was then subjected to a dynamical stress caused
by the container’s base. Stress analysis and strength testing were carried out for a tank
container by Wang et al. [14]. The findings demonstrate that the inertial force determines
the Mises equivalent membrane stress at the frame, while at the inner vessel, it is dependent
upon internal pressure, even though the inertial force can sometimes have a major impact.
Furthermore, Wang et al. [15] also conducted experiments and numerical simulations to
investigate the impact process of a large LNG tank container for trains. They discovered
that the tank container’s maximum axial acceleration can reach 63 m/s?, which is greater
than the 4g inertial acceleration specified in the container design standard. This indicates
that, when evaluated by the impact, the standard’s specifications are not conservative.
The dynamic and static finite element modeling of the tank container for use in rail and
road environments was investigated by Tiernan et al. [16]. The FEA results were used to
design and build a new modular tank and frame. The tank container was subsequently
examined in France in compliance with Lloyds certification standards. The fluid flow
inside the new tank container was investigated by Yue et al. [17]. The maximum impact
force rose as the liquid filling ratio, braking deceleration, and medium density increased,
according to the results. Additionally, compared to the regular tank container, the new
tank container’s carrying capacity increases by 11.8%. Kim et al. [18] used impact analysis
software to numerically examine the effect of a bird hit on a composite container for an
exterior auxiliary fuel tank. The composite container’s maximum stress, deformation, and
strain were calculated. The medium filling strategy for LNG tank container impact testing
was proposed by Cao et al. [19]. It involves filling the tank with water to a mass equivalent
to that of the dangerous items. The two tank conditions are comparable, according to
retest results, and test conditions can be used to mimic real-world filling circumstances.
Lee et al. [20] carried out finite element analysis on a 40-foot ISO LNG tank under low
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cycle condition and high cycle condition using Ansys workbench software (Version: 18.0).
The findings indicated that the 40-foot LNG ISO tank container was satisfied with a fa-
tigue life of 20 years and that the overall number of cycles was higher than the entire
number of design cycles. Ashok et al. [21] conducted a comparison analysis of the unique
2.5-dimensional (2.5D) infilled structure inspired by snowflakes and six nature-inspired
geometries. They also explored the impact of supported ribs and infill configurations on the
crushing behavior of the structure. The suggested lightweight 2.5D infill structures show
a notable increase in MCEF, specific energy absorption, and limited crushing deformation,
according to the results.

Through the above review, it is found that the studies on tank containers were pri-
marily focused on the action of internal pressure and fluid temperature variations. Few
studies were concentrated on the impact process of large LNG tank containers for trains
and investigated the stress and deformation of the frame during this process. In this paper,
the stress and deformation of a traditional LNG tank container frame under impact from
railway transport vehicles were analyzed, and three improved frames were suggested to
meet the strength and deformation requirements and reduce the weight of the frames.

2. Numerical Models
2.1. Geometrical Models

The studied tank container (1AA) is composed of the inner and outer vessels, eight
support rings, and a frame. Rigid cubes were used to simulate the impact and transport
vehicles. Twist locks were secured to the transportation vehicle. The front and rear ends of
the tank are not structurally identical, so impact tests are required on both ends. Figure 1
shows the geometric models where the rear ends of the tanks were impacted. Among
them, Figure 1a is the traditional frame while Figure 1(b.1-d) are three suggested improved
frames. For improved frame b, the angle between the bottom side rail and its support was
changed and the bottom inclined supports were removed. For improved frame c, the angle
and connection location between the bottom inclined support and the corner fitting were
altered and the bottom side rails were removed. For improved frame d, the top side rails
in the improved frame ¢ were removed. Compared to the traditional frame, the weight of
frame c and frame d is reduced by 17.99% and 38.34%, respectively. Table 1 lists the main
parameters of the tank containers.
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Figure 1. Geometrical models of tank containers. (a) Traditional frame, (b.1,b.2) improved frame b,
(c.1,c.2) improved frame ¢, (d) improved frame d.

Table 1. Main design parameters of the tank container.

Item Value Item Value
Specified filling rate 90% Material of the 8 support rings GFRP
Design pressure of the inner vessel 0.6 MPa Material of the frame Q450NQR1 [22]
Design temperature of the inner vessel —196 °C Material of the outer vessel 16MnDR [23]
Design pressure of the jacket —0.1 MPa Material of the inner vessel 530408 [24]
Design temperature of the jacket 50 °C Corrosion allowance 0

2.2. Mesh Model

The fluid is described using the ALE algorithm, the tank container is described using
the Lagrangian algorithm, and the connection between the two is accomplished using
the penalty function method. A spring element was used to simulate the buffer, and the
initial location of the LNG in the tank container is determined using the volume fraction
initialization method. The simulations in this paper were performed based on the MPP
version of the dynamic software LS-DYNA (Version: R8.1.0). Figure 2 shows the mesh
model of the traditional structure.

Sliding

Inner vessel

ALE element

Figure 2. Mesh model of the traditional tank container.
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2.3. Load and Boundary Conditions

In addition to the LNG and tank container weight, the load also consists of the internal
and outer pressures (both 0.1 MPa). The following boundaries were set. (1) The impact
and transport vehicle simply moved along the rail and the movement in other directions
was constrained. (2) Friction contact was employed between the corner fittings and the
transport vehicle, between the support rings and the vessel, and between the corner fittings
and twist locks. Only the two bottom corner fittings at the impact end are impacted by
the twist locks. (3) The zero is the instantaneous moment of collision between the impact
vehicle and the transport vehicle. The initial velocity of the impact vehicle was 8 km/h and
there was an initial clearance of 8 mm in the impact direction between the corner fittings
and twist locks.

2.4. Material Models

The true stress—strain curves for the Q450NQR1, 16MnDR, and S30408 materials were
used [15]. Table 2 lists other structural material properties. The material properties of LNG
are listed in Table 3, with data obtained from Refprop (Version: 9.0), a specialized software
for cryogenic physical properties. Using the experimental data, the force-displacement
curve was generated to simulate the buffer’s mechanical performance [25].

Table 2. Other structural material properties.

Item Density (t/mm?) Elastic Modulus (MPa)  Poisson’s Ratio
Impact vehicle 0.115 x 1074 0.201 x 10° 0.3
Transport vehicle 0.295 x 1078 0.201 x 10° 0.3
Twist lock 0.785 x 1078 0.201 x 10° 0.3
Corner fitting 0.785 x 1078 0.201 x 10° 0.3
GFRP 0.185 x 1078 0.720 x 10° 0.26

Table 3. Material properties of LNG.

Item Value Item Value
Temperature (°C) —161.87 cy (J/kg-k) 2056.3
Pressure (MPa) 0.1 kr (1/Pa) 222 x 1077
Density (kg/m?) 460 « (1/K) 0.00346
Sound velocity (m/s) 1341.3 Yo 1.648
Viscosity (MPa-s) 0.118 x 10~°

2.5. Model Verification

The independence of load steps and meshes, as well as the reasonableness of fluid-solid
coupling contact parameters, has been confirmed with an error of only 2.13%. To verify the
rationality of the model, the impact strength test was carried out according to the Chinese
standard TB/T1335-1996 [26]. The impact vehicle collided with a stationary, non-braking
transport vehicle equipped with the test tank container at specific velocities of 4 km/h,
5 km/h, 6 km/h, 7 km/h, and 8 km/h. After the collision between the impact vehicle
and the transport vehicle, the twist lock attached to the transport vehicle collided with the
corner fittings of the tank container. The two vehicles were then connected by buffers and
traveled together in the direction of the rail. In order to measure stress, several strain gauges
were installed on the tank containers, especially on the frame. The results indicate that the
simulation results are in good agreement with the experimental results, suggesting that the
finite element model is reasonable [15].
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3. Results and Discussion

The force direction involved in the section is along the rail direction, i.e., the impact
direction. The positive and negative directions of the force are consistent with the positive
and negative directions of the Z-axis in Figure 1.

3.1. Frame Mises Stress Analysis

Figure 3 shows the stress distribution in the traditional frame at the moment of the
first stress peak and the variation in stress at some locations over time when only the rear
end or front end of the tank container was impacted. Corner fittings are standard parts, so
they are not considered in the stress analysis. According to the Chinese standard TB/T 1335-
1996 [26], the maximum Mises stress of the frame should be less than the allowable stress
(Q450NQR1,382MPa as shown by straight line in Figures 3-6). It is evident that the stress at
many locations on the bottom side rail supports and bottom inclined supports far exceeds
the allowable stress at many moments, and improvements to the frames are needed.

— Location a Location b
0B — Location ¢ Location d|

—— Location e —— Location f

—— Location g Location h
500 |- IWil |— Allowable Stress

382MPa

(c) (d) (e) ® () (h) 0.0 0.1 .0.2 03 0.4
Time/s
] ! — Location i —— Location j
—— Location k Location |
i —— Location m —— Location n
Location o Allowable

Stress
382MPa:

(m) (k) (Y] ()] (i) Time/s

Figure 3. The stress distribution of the traditional frame and the variation in stress over time: (a) only
the rear end was impacted; (b) only the front end was impacted.

By adjusting the support angle and applying reinforcement plates, the maximum Mises
stresses of the three improved frames are less than 382 MPa throughout the entire simulation
process, meeting the strength requirement. Figures 4-6 show the stress distribution in
frame b to frame d at the moment of the first stress peak and the variation in stress at some
locations over time when only the rear end or front end of the tank container was impacted.
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Figure 4. The stress distribution of the frame b and the variation in stress over time: (a) only the rear
end was impacted; (b) only the front end was impacted.

375.5 400 | 4
Y

337.9 350 h \ 382MPa g

300.4 \375.5MPa(D)
300 - S e

262.9

2253 #or

187.8

150.3

112.5

— Location B,

— Location C,
— Location D,

— Allowable
Stress

Stress/MPa
w
8
T

75.20 ‘
37.67 so M W ]
0.138 ol LT ot o
(MPa)
% 0.0 0.1 0.2 0.3 0.4
367.8MPa 334.5MPa 327.4MPa 375.5MPa Time/s
(A) By () (Dy)
®) —y wl . : ; —
343.0 I ol 3 \% ]
S \w Location E
266.8 T - "
287 250 — Location F,
g & i — Location G, 1
iggg % 200 - — Location H, |+
SRS L ‘\‘ —— Allowable ]
114.4 7} ‘ Stress
76.30 100 | \ E
38.20 ol | ]
0.108 M
(MPa) o ]
1672MPa  337.3MPa 378.8MPa 381.IMPa S o1 02 03 0d
(H)) (G) (F) (E) Time/s

Figure 5. The stress distribution of the frame c and the variation in stress over time: (a) only the rear
end was impacted; (b) only the front end was impacted.
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Figure 6. The stress distribution of the frame d and the variation in stress over time: (a) only the rear
end was impacted; (b) only the front end was impacted.

3.2. Frame Deformation Analysis

The change in the diagonal length difference between the top, side, and impacted end
of the tank after the impact test should be less than the corresponding allowable values,
according to ISO 668: 2020 [27]. Figure 7 shows the measurement points of the diagonal
length and the allowable values of diagonal length difference. Due to the symmetry of the
finite element model about the central longitudinal section, the values of AK;, and AK; are
basically zero, so only the changes in AK;; are analyzed.

—t)
Dy 1 i D
\ \ | |
\ : \ | Wl
Side Lr Impacted End |
IS =l
‘ AK,, =|D, = D,|<19mm
: D .
“ 2 ; AK,, =|D, = D,| < 19mm
e 4 AK, =|Ds = Dg| <10mm
Top

Figure 7. The measurement points of the diagonal length and the allowable values of diagonal length
difference.

Figure 8 shows the variation of the AKj;, over time when only the rear or front end
was impacted. It is seen that throughout the simulation process, the diagonal length
differences of all the frames are less than the allowable values, meeting the requirements
of the specification. In addition, it is found that the diagonal length differences of the
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three improved frames are less than that of the traditional frame due to the increase in
longitudinal stiffness between the bottom corner fittings.

(a) T T T

Difference/mm

T
— Frame b
— Frame ¢
— Frame d

— Traditional
frame I

Time/s

(b)

Difference/mm

T
Frame b
— Frame ¢
—— Frame d

— Traditional
frame 1

Time/s

Figure 8. The variation of AKy; over time: (a) only the rear end was impacted; (b) only the front end

was impacted.

3.3. Effects on FRP Support Rings and Inner Vessels

The difference in the frames directly results in a different impact force F, which in
turn affects the shaking of the LNG inside the tank container, causing the change in the
impact force F, of the LNG on the impact side head of the inner vessel, as shown in
Figure 9. F, greatly affects the stress distribution in the FRP support rings and the impact
side heads. Figures 10 and 11 show the variation of maximum stress over time for the FRP
support rings and impact side heads, respectively. It is evident that although the maximum
values are different, they are still less than the respective allowable stresses, meeting the

strength requirement.
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Figure 11. The variation of maximum stress over time for the impact side heads: (a) only the rear end
was impacted; (b) only the front end was impacted.

3.4. Effects on Outer Vessels

Figure 12 shows the schematic diagram of the middle section of the outer vessel and
the cross section of the frame connected to it, with As, B3, C3, and D3 being the lowest
locations. Figure 13 shows the change in displacement in the direction of gravity with time
for these four positions over time. It is seen that in the three improved frames, the maximum
displacement value occurs in frame d and is basically consistent with the maximum value
of the traditional frame. The maximum value of the middle cross section of the outer vessel
in the direction of gravity does not increase as a result of the change in the frame and the
outer vessel remains within the elastic range, indicating that the outer vessel is still safe.
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rails
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Original frame

Bottom side rails Bottom side rails

™ (@ "Ny
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Figure 12. The schematic diagram of the middle section of the outer vessel and the cross section of
the frame connected to it: (a) traditional frame, (b) frame b, (c) frame ¢, (d) frame d.
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Figure 13. The displacement of four locations in the direction of gravity changes with time: (a) only
the rear end was impacted; (b) only the front end was impacted.
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4. Conclusions

In this paper, the stress and deformation of LNG tank container frames under impact
from railway transport vehicles were analyzed, and frame structures were improved to
meet strength and deformation requirements. Conclusions are obtained as follows:

1. For the problem that frames of the traditional LNG railway tank container may not
pass impact strength tests, three improved frames were suggested by removing or
changing side rails or bottom inclined supports.

2. All three improved frames can meet the strength and deformation requirements, i.e.,
the maximum Mises stress is less than the allowable stress and the diagonal length
difference is less than the allowable value.

3. The improvements of the frames have little effect on the stress and deformation of the
other components of the tank container, in particular, the inner vessel and outer vessel,
or in other words, the stress on the tank container is still less than the corresponding
allowable stress and the change in deformations will not affect the normal use of the
tank container.

4. Compared to the frame of the traditional tank container, removing the side rails
partially or completely reduces the weight of the frame by 17.99% and 38.34%, respec-
tively, greatly reducing manufacturing and transportation costs.

This paper has achieved some innovative results and has some application value, but
there are still some problems that need further research. For example, in the evaluation
of stress and deformation, dynamic factors were not considered to assess the long-term
performance and durability of the modified frame structures under repeated impact during
transportation.
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