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Abstract 
 
As an LNG carrier preserves and transports liquefied natural gas under minus 163℃, the cargo tank has to have 

sufficient hull strength against not only the wave loads but also against loads caused by loading and unloading and 
thermal expansion to keep the LNG safely. The main insulation types for a CCS are No.96 and Mark III from 
GTT for the membrane LNG carrier. Particularly, the invar membrane plate in No.96 is very thin and its connec-
tions could experience high local stresses owing to such dynamic loads. Therefore, it should be verified whether 
those connections have sufficient fatigue lives for the purpose of operation and maintenance. This research aims at 
performing fatigue analysis with 0.1 fatigue damage criteria for 40 years of design life to support new membrane 
CCS development using proper S-N curves and the associated finite element modeling technique for each connec-
tion and then propose a reasonable design methodology. 
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1. Introduction 

LNG(liquefied natural gas) carriers transport LNG in its cryogenic fluid state at 163°C below zero. The 

CCS(cargo containment system) of such carriers must excel in insulation performance as well as have sufficient 

hull strength to withstand wave loads, loads during loading and unloading, and thermal expansion loads to safe-

guard the liquid being transported.  

Currently, the main types of CCS being employed for LNG carriers are Mark III and No. 96, both from GTT 

(gaztransport & technigaz). Mark III utilizes stainless steel, 1.2 mm in thickness, and fiberglass reinforced polyu-

rethane foam for the insulation box. No. 96 uses 0.7-mm-thick invar (nickel steel alloy) and perlite foam. The 

particular invar material used for CCS in No. 96 has characteristically very low thermal contraction. As this type 

of CCS is manufactured by thin-plate welding, the invar connections must have sufficient strength for the pur-

pose of vessel operation and maintenance. Notably, a review must be conducted on whether or not the CCS con-

nections have sufficient fatigue strength against dynamic loads. The mentioned fatigue strength evaluation 

should ensure that the fatigue damage for a 40-year design life is rendered no greater than 0.1, when under load 

conditions such as dynamic wave loads (North Atlantic Ocean), changing still water bending moments due to 

LNG loading and unloading, and thermal expansion and contraction loads from annual inspection (IMO, 2014). 

This study aimed to develop an invar membrane-type CCS. To that end, the study proposed a finite element 

modeling methodology for invar membrane connections and conducted simplified fatigue analysis for assessing 

the fatigue life of the connections. Furthermore, where the fatigue life is not satisfied, the study suggested a de-
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sign alternative with reasonable configuration. 

2. Analysis condition 

2.1 Analysis locations 

As shown in Fig. 1, the neutral axis in the midship section is positioned downward, thus making the upper 

deck the location where large stresses occur against longitudinal bending. The connections in the mentioned 

location (Fig. 2) are transverse connectors and trihedrons. Fatigue analysis was performed on these connections.  

 

 

Fig. 1. Midship section of LNG carrier 

 

 

Fig. 2. Critical parts of invar membrane connections 
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Fig. 3. Diagram of Transverse Corner 

 

 
Fig. 4. Diagram of Trihedron 

 

The transverse corner connections are fixed mostly through lap joint welds and screws fixed through the holes. 

Trihedrons are connected via fillet welding and lap joint welding.  

Fig. 3 illustrates the primary and secondary border boxes for the transverse corner, which are con-
nected to the hull through the transverse connector, anchoring sheet, and transverse anchor. As shown 
in Figs. 2 and 4, the trihedron connects the transverse corners between the upper deck and slant deck.  

2.2 Load and boundary conditions and finite element modeling 

As the design stress due to VWBM(vertical wave bending moments) of the invar membrane CCS is 75 MPa at 

a 10-8 probability (GTT, 2005), the stress range was established at 101.9 MPa, which considered the invar mate-

rial factor of 0.68. Furthermore, simplified fatigue analysis was conducted for calculating fatigue damage. The 

Weibull shape parameter used in the calculation was referenced from the DNV Classification Notes No. 30.7 

(Det Norske Veritas, 2014). The stress range and frequency of loading and unloading, resulting from LNG load-

ing and unloading-induced still water bending moments, were 20.64 MPa and 1000 times, respectively. For fa-

tigue damage calculation, the annual inspection-induced thermal expansion and contraction stress range and the 

frequency of annual inspection were 51.24 MPa and 20 times, respectively.  
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Fig. 5. Unit load application 

 

The above mentioned three fatigue analysis load conditions are all longitudinal stresses. Hence, as shown in 

Fig. 5, the structural analysis avoided applying each of the loads to the structural analysis model and instead, 

implemented the rendering of a nominal stress at 1 MPa, through unit-load application so that the maximum 

stress concentration factor could be obtained for the concerned location. The mentioned maximum stress concen-

tration factor was multiplied by the load-induced stress ranges namely, 101.9 MPa, 20.64 MPa, and 51.24 MPa, 

thus obtaining the value of the stress range as induced by each load type.  

As illustrated in Figs. 6 and 7, for boundary conditions, all parts of the hull connected to the transverse corner 

and trihedron were fixed; symmetry conditions were applied to both edges; the invar membrane itself was estab-

lished such that normal deflections would not occur.  

 

 
Fig. 6. Boundary condition of transverse corner 

 
Fig. 7. Boundary condition of trihedron 
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Fig. 8. Lap joint modeling 

 

 
Fig. 9. Lap joint modeling of transverse corner 

 

2.3 Finite element modeling 

For modeling to incorporate lap joint welding, the only available method was the one given in DNVGL-CG-

0152. Accordingly, this method was employed for creating the model (Det Norske Veritas and Germanischer 

Lloyd, 2016). In other words, as shown in Fig. 8, the modeling involved placing an element 25 % thicker than 

the base metal along the joint to be made. Fig. 9 illustrates an example where the lap joint weldment was created 

for the transverse corner. 

The S-N curve corresponding to the invar lap joint and base metal is based on the nominal stress. Accordingly, 

calculating the nominal stress involved an FE model, where the mesh size was determined as 5 mm, considering 

the size of the invar tube connecting members. The foregoing notwithstanding, the mesh thickness was estab-

lished as that of a plate material, to satisfy the calculation, as there was a fillet weldment in the trihedron corner 

connections, and the S-N curve in question was based on hot-spot stresses. 

3. Fatigue Analysis 

This research has performed the fatigue analysis based on 40-year design life and no greater than 0.1 of fatigue 

damage under load conditions such as dynamic wave loads (North Atlantic Ocean), still water bending moments 

variation due to LNG loading and unloading and thermal expansion and contraction loads from annual inspec-

tion according to IGC(international gas carrier) code (IMO, 2014). 

Equation of S-N curve is shown in Eq. (1) and all the S-N curves used in this research are listed as Table 1. 

 

      =      −     (∆ )  (1) 

 

, where N is the number of cycles to failure, K is the fatigue strength of the S-N curve, m is negative slope 

of the S-N curve and ∆σ is stress range. 
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 Table 1. S-N curve values 

Class 
 ≤ 10   > 10  

            

BS5400 B 4 15.010 5 17.010 

BS5400 G 3 11.390 5 14.320 

BS5400 W 3 11.200 5 14.010 

Curve by Huther el al. (1981) 4.69 15.710 4.69 15.710 

DNV 30.7 I curve  3 12.164 5 15.606 

3.1 Transverse corner connections 

For transverse corners, fatigue analysis was conducted on the connections for primary and secondary barri-

ers. The S-N curves used were (a) the BS5400 B curve for the invar base metal, (b) the BS5400 G curve for 

the invar weldment (BS5400:Part 10, 1980) and (c) the curve proposed by Huther el al. (1981) for lap joint 

weldment. 

As shown in Fig. 10, the exhaust hole and screw holes, in the transverse connector’s primary barrier, con-

nect the transverse connector to the anchoring bar. Fatigue analysis was performed on the periphery of these 

holes. 

Fig. 11 presents the stress distribution of the exhaust hole, where the stress concentration factor was calcu-

lated to be 0.904. The stress distribution of the screw hole is shown in Fig.12 with the calculated stress con-

centration factor of 0.060. Table 2 lists the results of the fatigue damage analysis. 

 

 
Fig. 10. Exhaust hole and Screw hole 

 

      
 Fig. 11. Stress distribution of exhaust hole  Fig. 12. Stress distribution of screw hole 
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 Table 2. Fatigue damage for exhaust hole and screw hole 

Location Exhaust hole Screw hole 

S-N curve 
Invar base metal 

BS5400 B-class 

Invar base metal 

BS5400 B-class 

SCF 0.904 0.060 

Stress range due to VWBM 101.9 101.9 

Local Stress range due to VWBM 92.12 6.11 

Fatigue Damage due to VWBM(20y, D_voyage) 1.12E-04 1.44E-10 

Stress range from LNG loading-unloading 20.64 20.64 

Local Stress range from LNG loading-unloading 18.66 1.24 

Fatigue Damage from LNG loading-unloading(20 y, 

D_loading) 
2.21E-08 2.85E-14 

Stress range for annual inspection 51.24 51.24 

Local Stress range for annual inspection 46.32 3.07 

Fatigue Damage for annual inspection(20 y, 

D_inspection) 
4.17E-08 5.37E-14 

Total Damage(40 y) 

D     = 0.9D      + D       + D           
2.02E-04 2.60E-10 

 

Fig. 13 shows the location of the invar tube junction in the primary barrier of the transverse connector. As 

seen in Fig. 14, fatigue analysis was conducted on areas FP-1 and FP-2. The radius of FP-1 was 7.5 mm. 

 

        
 Fig. 13. Invar tube junction of primary barrier  Fig. 14. Fatigue analysis location of invar tube junction 
 

 
Fig. 15. Stress distribution of invar tube junction 
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 Table 3. Fatigue damage for invar tube junction 

Location FP-1 FP-2 

S-N curve 
Invar base metal 

BS5400 B-class 

Weld (Invar/Invar) 

BS5400 G-class 

SCF 2.653 0.849 

Stress range due to VWBM 101.9 101.9 

Local Stress range due to VWBM 270.34  86.51  

Fatigue Damage due to VWBM(20y, D_voyage) 2.44E-02 3.40E-02 

Stress range from LNG loading-unloading 20.64 20.64 

Local Stress range from LNG loading-unloading 54.76 17.52 

Fatigue Damage from LNG loading-unloading(20 y, 

D_loading) 
4.81E-06 7.91E-06 

Stress range for annual inspection 51.24 51.24 

Local Stress range for annual inspection 135.94 43.50 

Fatigue Damage for annual inspection(20 y, 

D_inspection) 
9.07E-06 6.71E-06 

Total Damage(40 y) 

      = 0.9       +         +             
4.39E-02 0.061 

 

   
 Fig. 15. Stress distribution of FP-1 with 10 mm radius  Fig. 16. Stress distribution of FP-1 with 12.5 mm radius 
 

   
 Fig. 17. Connections in secondary barrier  Fig. 18. Fatigue analysis location of connections in secondary barrier 
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 Table 4. Fatigue damage for connections in secondary barrier 

Location FS-1 FS-2 FS-3 FS-4 

S-N curve 

Lap joint 

(Invar/SUS) 

& 

(Invar/Invar) 

Weld 

(Invar/Invar) 

BS5400 G- 

class 

Lap joint 

(Invar/SUS) 

& 

(Invar/Invar) 

Weld 

(Invar/Invar) 

BS5400 G- 

class 

SCF 0.797 1.574 1.039 1.008 

Stress range due to VWBM 101.9 101.9 101.9 101.9 

Local Stress range due to VWBM 81.21  160.39  105.87  102.72  

Fatigue Damage due to VWBM(20y, D_voyage) 4.52E-04 4.09E-01 1.57E-03 7.14E-02 

Stress range from LNG loading-unloading 20.64 20.64 20.64 20.64 

Local Stress range from LNG loading-unloading 16.45 32.49 21.44 20.81 

Fatigue Damage from LNG loading-unloading(20 y, 

D_loading) 
9.86E-08 1.40E-04 3.42E-07 1.87E-05 

Stress range for annual inspection 51.24 51.24 51.24 51.24 

Local Stress range for annual inspection 40.84 80.65 53.24 51.65 

Fatigue Damage for annual inspection(20 y, 

D_inspection) 
1.41E-07 4.27E-05 4.87E-07 1.12E-05 

Total Damage(40 y) 

      = 0.9       +         +             
8.15E-04 0.77 2.83E-03 0.13 

 

 

The stress range of the invar tube junction is illustrated in Fig. 15, where the stress concentration factors 

were obtained to be 2.653 and 0.849. Table 3 summarizes the results of the associated fatigue analysis.  

For FP-1, the stress concentration factors were calculated for the allowed radii of 10 mm and 12.5 mm so 

that the fatigue life could be satisfied and fatigue damage further reduced. The results verified that the stress 

concentration factors had decreased from 10 mm and 12.5 mm to 2.468 mm and 2.379 mm, respectively, as 

illustrated in Figs. 16 and 17. 

Fig. 17 illustrates the connections in the secondary barrier of the transverse connector. For FS-1 through 

FS-4, fatigue analysis was carried out as shown in Fig. 18. 

 

 

 
Fig. 19. Modification of FS-2 connection 

 

 



 Jun-Bum Park 121 
 Journal of Advanced Research in Ocean Engineering 3(3) (2017) 112-124  

 

 Table 5. Fatigue damage for revised connections of FS-2 and FS-4 

Location FS-2 FS-2 FS-4 

S-N curve 

Invar base 

metal 

BS5400 B-

class 

Weld (In-

var/Invar) 

BS5400 G-

class 

Weld 

(Invar/Invar) 

BS5400 G- 

class 

SCF 1.84 0.785 0.954 

Stress range due to VWBM 101.9 101.9 101.9 

Local Stress range due to VWBM 187.50  79.99  97.21  

Fatigue Damage due to VWBM(20y, D_voyage) 3.91E-03 2.39E-02 5.66E-02 

Stress range from LNG loading-unloading 20.64 20.64 20.64 

Local Stress range from LNG loading-unloading 37.98 16.20 19.69 

Fatigue Damage from LNG loading-unloading(20 y, 

D_loading) 
7.72E-07 5.34E-06 1.42E-05 

Stress range for annual inspection 51.24 51.24 51.24 

Local Stress range for annual inspection 94.28 40.22 48.88 

Fatigue Damage for annual inspection(20 y, 

D_inspection) 
1.46E-06 5.30E-06 9.52E-06 

Total Damage(40 y) 

      = 0.9       +         +             
7.05E-03 0.04 0.10 

 

From FS-1 through FS-4, the stress concentration factors were calculated to be 0.797, 1.574, 1.039, and 

1.008, respectively. Table 4 summarizes the results of associated fatigue damage analysis. 

The data show that the fatigue damage values for FS-2 and FS-4 are greater than 0.1. To fulfill the values, 

FS-2 was subjected to configuration change as shown in Fig. 19, while FS-4 underwent re-analysis of fa-

tigue damage through the increase of welding throat by 1.6 times. The radius of FS-2 is where stresses are 

further concentrated. However, such stress-concentrated location was not where welding was to be per-

formed but where the base metal is situated. Hence, the application of the corresponding S-N curve con-

firmed that fatigue damage had decreased. Table 5 presents the results of associated fatigue damage analysis.  

 

     
 Fig. 20. Fatigue analysis locations of trihedron  Fig. 21. Detail shape of trihedron connections 
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Fig. 22. Detail of fillet weld in trihedron connection 

3.2 Trihedron connections 

For trihedrons, fatigue analysis was conducted on the periphery connected to the transverse corner. The S-N 

curves were applied for the DNV 30.7 I curve (Det Norske Veritas, 2014) at weld toe and the BS5400 G 

curve at weld root (BS5400:Part 10, 1980). 

Fatigue analysis was carried out on the areas connected through the transverse corner, fillet welds, and on 

area TP-1 on their opposite side. Fig. 20 illustrates the location of the analysis. Fig. 21 introduces the con-

figuration of the locations in question. Fig. 22 illustrates where the fillet weld was applied.  

Fig. 23 shows the stress distribution of TP-1, with a calculated stress concentration factor of 1.709. The 

stress distribution of the fillet welds is presented in Fig. 24, where a stress concentration factor of 0.986 was 

obtained for the weld toe, while a stress concentration factor of 0.672 was obtained for the weld root, con-

sidering the area of the weld throat. Table 6 summarizes the results of the associated fatigue damage analy-

sis.  

 

 
Fig. 23. Stress distribution of TP-1 

 

 
Fig. 24. Stress distribution of fillet weld connection 
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Table 6. Fatigue damage for revised connections of TP-1 and fillet weld connections 

Location TP-1 
Fillet weld 

(weld toe) 

Fillet weld 

(weld root) 

S-N curve 

Invar base 

metal 

BS5400 B-

class 

CN30.7 curve I 

(Hot spot 

stress) 

Invar base 

metal 

BS5400 W-

class 

SCF 1.71 0.986 0.672 

Stress range due to VWBM 101.9 101.9 101.9 

Local Stress range due to VWBM 174.15  100.47  68.50 

Fatigue Damage due to VWBM(20y, D_voyage) 2.69E-03 4.29E-03 2.27E-02 

Stress range from LNG loading-unloading 20.64 20.64 20.64 

Local Stress range from LNG loading-unloading 35.27 20.35 13.88 

Fatigue Damage from LNG loading-unloading(20 y, 

D_loading) 
5.34E-07 8.65E-07 5.03E-06 

Stress range for annual inspection 51.24 51.24 51.24 

Local Stress range for annual inspection 87.57 50.52 34.45 

Fatigue Damage for annual inspection(20 y, 

D_inspection) 
1.01E-06 1.63E-06 5.16E-06 

Total Damage(40 y) 

      = 0.9       +         +             
4.84E-03 7.72E-03 4.09E-02 

4. Conclusions 

This study considered an assessment of the fatigue strength of a CCS for LNG carriers, which is subject to 

wave loads, loads during loading and unloading, and thermal expansion loads. Owing to the configuration of 

carrier tanks, the upper deck becomes the location where large longitudinal bending stresses are applied. 

Accordingly, the transverse connector and trihedron, i.e., the connections situated in the upper deck, were 

subjected to fatigue analysis.  

As all stresses corresponding to the load conditions to be applied in the fatigue analysis were longitudinal 

loads, the study implemented a unit load, such that the nominal stress for the structural analysis model be-

comes 1 MPa. The calculation of the maximum stress concentration factor ensued for locations of fatigue 

damage analysis. Then, the mentioned maximum stress concentration factor was multiplied by each of the 

stress ranges for the loads concerned; thus, the stress ranges were calculated. For the boundary conditions of 

structural analysis, all areas in the hull were fixed; symmetry conditions were applied to both edges of the 

invar membrane, and the invar membrane itself was established such that there were no vertical deflections 

occurring. With the nominal stress-based S-N curve was applied, the mesh size of the structural analysis 

model was defined as 5 mm. Modeling was carried out so that the lap joint weldment could be incorporated; 

however, for the calculation, the mesh was created using the plate thickness concerned, as the trihedron cor-

ner connections had fillet welds, and the concerned S-N curve was based on hot-spot stresses. 

For all analysis targets, simplified fatigue analysis was conducted to ensure that the fatigue damage for a 

design life of 40 y was no greater than 0.1. For those locations that failed to satisfy the fatigue damage crite-

ria, a design variation(s) was proposed, where either the configuration was modified or the welding throat 

was increased. The design variation(s) satisfied the criteria for all analysis locations. 

This study proposed a useful methodology for predicting the fatigue life of an invar membrane-type CCS, 

and presented the results from the analysis performed using the proposed methodology. The significance of 
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the study lies in the fact that it is a pioneering study on the future development of an invar membrane-type 

CCS. 
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