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Abstract: Hydraulic pressure tests were performed using an apparatus developed to simulate large compressive loads acting on the 

outer wall of a membrane-type primary barrier. However, the precise processing required to fabricate the complex intersecting corru-

gations on the test sample limits the number of test samples that could be produced, and thus performing tests under a variety of 

pressure-range conditions is impractical. The aims of this study were to conduct hydraulic pressure tests using the finite element method 

and to propose a design support methodology validated by the experimental results. Surface data were extracted using an optical three-

dimensional scanner to analyze the complex geometry of the intersection, and quasi-static tensile test data for the primary barrier 

material were used to describe the plastic behavior. The finite element analysis results confirmed that the von Mises equivalent stress 

significantly increased within the tested pressure range, which indicated increased plastic deformation and decreased load-bearing 

capacity. 
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1. Introduction
The recent expansion of the capacity of liquefied natural gas 

(LNG) carriers has increased the hydrodynamic loads experi-

enced by the LNG cargo, which in turn impose significant com-

pressive loads on the exterior membrane-type primary barrier 

walls that are typically used to seal LNG [1]. These walls also 

experience remarkable thermal shrinkage strain in response to the 

low-temperature environment [2]. The membrane-type primary 

barrier is made of thin plates of cryogenic 304L stainless steel 

(STS304L) with preformed corrugations to prevent thermal 

shrinkage strain. The thermal strain is instead experienced by the 

corrugations, which lowers the in-plane stiffness of the barrier 

and effectively prevents structural damage to the thin metal plates 

[3]. Considering the above, membrane-type primary barriers 

must be designed not only to offset the thermal strain stress in a 

cryogenic environment, but also to withstand external pressure. 

Several studies have been conducted to simulate damage to 

membrane-type primary barriers and to develop design support 

methodologies for simulation purposes. Kim et al. [4] studied the 

tensile load applied on the primary barrier due to hogging and 

sagging during sailing via experiments and finite element analy-

sis. They developed an experimentally validated design support 

methodology based on constitutive relations describing the plas-

tic behavior of the primary barrier materials. Kim et al. [5] eval-

uated the impulsive load imposed on the primary barrier due to 

the sloshing of LNG during sailing through experiments and fi-

nite element analysis. Subsequently, they developed a design 

support methodology satisfying the failure criterion associated 

with the ductile characteristics of primary barrier metals related 

to necking, ductility, and shear. In this study, a custom-designed 

hydraulic pressure test apparatus was operated to simulate the 

compressive load induced by the hydrodynamic LNG load. How-

ever, the precise processing required to form the complex geom-

etry of the intersection during the fabrication of test specimens 

limits the number of hydraulic pressure tests under various pres-

sures that can feasibly be performed. To address this limitation, 

the finite element method has been employed to model to simu-

late the developed hydraulic pressure test, and a design support 
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methodology has been proposed and experimentally validated. 

Moreover, the structural vulnerabilities of the primary barrier in-

tersection and its pressure-resistance have been assessed through 

von Mises equivalent stress analysis. 

2. Finite Element Analysis

2.1 Material modeling 
In this study, a membrane-type primary barrier was evaluated 

using finite element analysis. The test specimen was fabricated 

using a 1.2 mm thick (T) plate of isotropic cryogenic STS304L 

with corrugations to avoid thermal shrinkage strain. The speci-

men dimensions were 340 mm (W) × 340 mm (B). The trans-

verse corrugation (Y) and the longitudinal corrugation (X) inter-

sected each other at a 90°angle; Figure 1 (a) shows a photo-

graph of the test specimen. The geometry of the corrugation in-

tersection was extracted using an optical 3D scanner to model the 

surface geometry data as shown in Figure 1 (b). The laminated 

plywood and metal base underneath the primary barrier test spec-

imen were modeled as shown in Figure 2 to replicate the exper-

imental setup. 

(a)                                                 (b)     

Figure 1: Primary barrier specimen: 

(a) Photograph and (b) finite element model 

Figure 2: Schematic of the finite element model 

2.2 Material properties 
The hydraulic pressure test to simulate the hydrodynamic load 

in this study was analyzed using the quasi-static tensile profile 

for STS304L [6]. The Young’s modulus and yield strength were 

obtained through the 0.2% offset method [7], and Figure 3 shows 

the obtained elastic region for STS304L. 

Figure 3: Determination of the elastic region of STS304L from 

the material stress–strain curve using the 0.2% offset method 

The membrane-type primary barrier and steel plate materials 

were isotropic, whereas the laminated plywood was composed of 

normal anisotropic materials. The laminated plywood and steel 

plate did not exhibit notable permanent strain after the hydraulic 

pressure tests. Table 1 summarizes the physical properties of 

each material in the elastic region utilized in the finite element 

analysis. 

Table 1: Mechanical properties in the elastic region for each 

component 

Primary barrier Plywood Base metal 

207033.75 8900 207033.75 

- 7500 - 

- 520 - 

0.3 0.27 0.3 

- 0.17 - 

- 0.17 - 

- 196 - 

- 196 - 

- 196 - 

7800 680 7800 
E : elastic modulus(MPa),  v : Poisson's ratio, 
G : shear modulus(MPa),   : density (kg/ ) 
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The test specimen experienced permanent strain after the hy-

draulic pressure tests; hence, its plastic behavior beyond the yield 

point must be considered. The membrane-type primary barrier 

was made of ductile STS304L, the plastic behavior of which fol-

lows the Ramberg–Osgood Equation [8]. The plastic deformation 

associated with the Ramberg–Osgood equation is given as fol-

lows: 

     (1) 

In Equation (1), E is the Young’s modulus of the material, 𝜎𝜎0 

is the yield strength, N is the strain hardening, and  is the non-

dimensional material constant. Here, the material constant asso-

ciated with the Ramberg–Osgood equation is given by: 

  (2) 

 (3) 

Table 2: Material properties related to the deformation plasticity 

Yield stress 
[MPa] 

Young's mod-
ulus 

[MPa] 

Ramberg–Osgood 
exponent 

Poisson 
ratio 

  
336.91 207033.75 4.69 0.002 0.3 

Figure 4: Comparison of the theoretical and experimental stress–strain 
curves 

In Equation (3), H and n(1/N) are material constants while 

 is the constant offset. To estimate the material constants for 

the test specimen in this study, the stress–strain data from the 

STS304L quasi-static tensile test were fitted using the Ramberg–

Osgood equation, as depicted in Figure 4. Table 2 lists the prop-

erties of the primary barrier material. 

The finite element analysis used the Ramberg–Osgood-equa-

tion-based deformation plasticity model for the plastic analysis 

of ductile metals [8]. The deformation plasticity model employed 

in the analysis was: 

 (4) 

In Equation (4), I is the unit vector and S is the deviator stress 

expressed as ; P is the equivalent hydraulic pressure 

stress given as ; and q is the von Mises equivalent 

stress defined as . The deformation plasticity model 

fully simulates the plastic behavior beyond the yield point in the 

elastic region and iterates until the following condition is satis-

fied: 

        (5) 

2.3 Finite element analysis conditions 
The finite element model was designed to correspond to the 

experimental hydraulic pressure tests used for verification. Loads 

of 1.8 MPa, 2.2 MPa, and 2.6 MPa were imposed, which corre-

sponded to those applied in the experimental hydraulic pressure 

test. The magnitude of the pressure was varied to simulate 3 min 

at maximum pressure and the pressure relief period. Dynamic-

implicit finite element analysis was conducted considering the 

fluid pressure. The contact conditions were chosen based on the 

layered structure of the hydraulic pressure test equipment. Sub-

sequently, surface-to-surface contact was applied to each mate-

rial; the friction coefficient between the primary barrier and lam-

inated plywood was set to 0.1 in the finite element analysis [9]. 

The meshes were discretized using a reduced-integration-type el-

ement (eight-node bricks, C3D8R) to overcome the locking ef-

fect associated with the intersection geometry. The optimal num-

ber of elements was determined based on the grid convergence at 

the maximum pressure of 2.6 MPa. The primary barrier, lami-

nated plywood, and steel plate featured 10161, 40328, and 15123 

elements, respectively, when convergence was achieved, giving 

a total of 65612 elements. The size of the mesh elements was 

approximately 0.8 mm. Figure 5 shows the convergence of the 

displacement as the mesh evolved toward the optimal number of 

grid elements, and Table 3  lists the conditions used in the present 

finite element analysis. 
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Figure 5: Convergence of the displacement of the finite element 

model 

Table 3: Finite element analysis conditions 

Component Interaction Boundary 
condition 

Mesh 
element 

Pressure 
(MPa) 

Primary 
barrier 

Surface 
to 

surface 

All sides fixed 10161 
1.8 
2.2 
2.6 Plywood 

All sides fixed 
except the Z 

direction 
40328 

Metal base All sides fixed 15123 

Figure 6: Position of the strain gauges on the primary barrier in 

the validation experiments 

3. Results of the Analysis and Evaluation

3.1 Validation 
The finite element model formulated in this work was vali-

dated against the local principal strain histories obtained from ex-

perimental hydraulic pressure tests. The principal strain was 

measured using a three-axis rosette strain gauge manufactured by 

Tokyo Measurement Laboratory (TML), and its history was ob-

tained using the principal strain formulae provided by the com-

pany [10]. The principal strain history was numerically evaluated 

at the locations of the strain gauges in the hydraulic pressure test, 

which are indicated in Figure 6. 

(a) 

(b) 

(c) 

Figure 7: Time–strain curves in the hydraulic test and finite ele-

ment analysis: a) 1.8 MPa b) 2.2 MPa c) 2.6 MPa 
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Figure 7 depicts the experimental and numerical time-strain 

relationships at the primary barrier intersection at different hy-

draulic pressures. The histories obtained from the finite element 

analysis and hydraulic pressure test were in good agreement. A 

minute discrepancy was introduced in the principal strain history 

due to the initial plastic deformation during the fabrication of the 

test specimen, which was not accounted for by the model. During 

the initial plastic deformation, phase transition from austenite to 

martensite occurs, which causes strain hardening as the yield 

strength increases [4]. The experimental results verified the suit-

ability of this design support methodology for hydraulic pressure 

tests. 

(a) 

(b) 
Figure 8: (a) Von Mises equivalent stress distribution at the maxi-

mum pressure of 2.6 MPa calculated by finite element method. (b) 

Von Mises equivalent stress at P1 and P2 as a function of the peak 

pressure 

3.2 von Mises equivalent stress      
The finite element method was then employed to analyze the 

von Mises equivalent stress at the corrugation intersection.  

Figure 8 (a) shows the von Mises equivalent stress distribution 

at the intersection under the maximum pressure of 2.6 MPa. The 

von Mises equivalent stress represents the maximum distortion 

energy at each point of an object subject to a weight. The von 

Mises yield condition implies that plasticity occurs when the 

computed equivalent stress becomes greater than the material 

yield strength, which was 336.91 MPa in this study; it is consid-

ered to be the most accurate fault condition. P1 and P2 (Figure 8 

(a)) represent the long pressing indentation of the preformed in-

tersection, while P2 represents the short pressing indentation. 

Figure 8 (b) shows the von Mises equivalent stress as a function 

of pressure at P1 and P2. As shown in the figure, P2 reaches an 

equivalent stress greater than the material yield strength at the 

lowest pressure of 1.8 MPa, and its value is approximately 100% 

higher than that of P1. In the case of P1, the equivalent stress 

becomes greater than the material yield strength between 2.2 

MPa and 2.6 MPa; thus, plastic deformation would be anticipated 

to occur between 2.2 MPa and 2.6 MPa according to the von 

Mises yield condition. 

3.3 Structural vulnerabilities 
The structural vulnerabilities of the primary barrier were iden-

tified under the maximum-pressure environment using the von 

Mises equivalent stress distribution, and its pressure-resistance 

capability was evaluated based on these data. Figure 9 (a) depicts 

the equivalent von Mises stress distribution for the primary bar-

rier test specimen under the maximum pressure of 2.6 MPa. The 

locations with the maximum equivalent stress values were deter-

mined; these structurally vulnerable regions are indicated as A1, 

A2, and A3 in the figure. A1 represents the structurally vulnera-

ble region of the corrugation near the short pressing indentation, 

A2 indicates that near the long pressing indentation, and A3 de-

notes that near the edge of the intersection. Figure 9 (b) shows 

the von Mises equivalent stress at A1, A2, and A3 with respect to 

the applied pressure. At the lowest pressure (1.8 MPa), the equiv-

alent stress was similar in all the vulnerable regions and was 

greater than the material yield strength. Similar increases in all 

the values were observed at 2.2 MPa. Between 2.2 MPa and 2.6 

MPa, however, the equivalent stresses of the three regions began 

to deviate. In particular, the equivalent stress at A3 increased 

quickly due to rapid plastic deformation, and its load-bearing ca-

pacity was lost. The equivalent stress increase rate was the great-

est for A3 and reached its maximum value at 2.6 MPa. The equiv-

alent stress was concentrated at A3, as also demonstrated by the 
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fact that this region of the corrugation intersection sagged under 

pressure in the experimental hydraulic pressure test. The equiva-

lent stress increase rate at A1 was greater than that at A2, as more 

plastic deformation occurred at A1 than A2. The long pressing 

indentation in A2 acts as a support for nearby corrugations, pre-

venting plastic deformation [11].  

(a) 

(b) 

Figure 9: Maximum stress on the structurally vulnerable regions 

of the primary barrier at 2.6 MPa as calculated by the finite ele-

ment method 

3.4 Intersection thickness distribution 
The thickness distribution of the intersection of the membrane-

type primary barrier was measured using high-pressure water jet 

cutting. While the primary barrier sheet was fabricated from a 

metal sheet with a thickness of 1.2 mm, the intersection thickness 

distribution varied from 1.1 mm to 1.25 mm, as depicted in Fig-

ure 10. The simple bending process during the formation of a 

membrane-type primary barrier must a ensure uniform thickness 

with a ±10% tolerance [12]; the observed values were within 

this tolerance. For increased credibility, an additional finite ele-

ment analysis was conducted using a model with a minimum 

thickness of 1.1 mm, and exhibited a corrugation strain history 

similar to that of the 1.2 mm model, as shown in Figure 11. 

Figure 10: Photograph of the thickness distribution of the pri-

mary barrier 

Figure 11: Comparison of the finite element simulations con-

ducted using thicknesses of 1.1 mm and 1.2 mm 

4. Conclusion
The present study comprised finite element analysis of a mem-

brane-type primary barrier intersection and experimental validation 

of a design support methodology for hydraulic pressure tests. Subse-

quently, the pressure-resistance of the intersection was evaluated. 

The results can be summarized as follows: 
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 The experimental and numerical time–strain relationships as

a function of pressure were compared in this work, and the

principal strain histories determined using the two methods

were found to be in good agreement.

 The von Mises equivalent stress at the intersection was ana-

lyzed using the finite element method. The equivalent stress

at P2, which was located on the short pressing indentation,

was greater than the material yield strength at even the lowest

pressure of 1.8 MPa, whereas that at P1, which was located on 

the long pressing indentation, first exceeded the material yield 

strength at a pressure between 2.2 MPa and 2.6 MPa. Thus,

plastic deformation occurs between 2.2 MPa and 2.6 MPa ac-

cording to the von Mises yield condition.

 The most structurally vulnerable regions were identified from

the von Mises equivalent stress distribution under the maxi-

mum pressure, and the pressure-resistance capability was

evaluated accordingly. All the vulnerable regions exhibited

similar equivalent stress values that were above the yield

strength at the initial pressure, but the rates of increase in their 

equivalent stress values diverged between 2.2 MPa and 2.6

MPa. In particular, the equivalent stress at A3, which was lo-

cated near the corner of the intersection, increased rapidly be-

tween 2.2 MPa to 2.6 MPa due to rapid plastic deformation,

and this region lost its load-bearing capacity.

 To increase the credibility of the finite element analysis, an

additional finite element analysis was performed using the

minimum thickness of 1.1 mm. The resulting strain history

was in good agreement with that obtained using a thickness of 

1.2 mm.

The principal strain values obtained experimentally and nu-

merically differed slightly, as the model did not account for the 

strain hardening induced by the initial plastic deformation during 

test specimen fabrication. Further studies are thus needed to ad-

dress this discrepancy. 
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