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CHAPTER 1: Introduction and Applicability 
 

Section 1: General 

 

 

Section 1: General 
 

1.1 Introduction 
 

1.1.1 The strength, fatigue and vibration analysis of the Pump Tower (PT), Pump Tower Top Support (PTTS) 
and Pump Tower Base Support (PTBS) of Membrane Tank LNG Carriers is mandatory. 
 

1.1.2 This document describes the procedure for the strength and fatigue analyses of the Pump Tower, PTTS 
and PTBS due to loads induced by ship motions, including sloshing of LNG in partially filled cargo tanks and 
thermal effects. A detailed procedure regarding vibration analysis with the objective of avoiding resonance with 
propeller and, where relevant, main machinery exciting frequencies is also given. 
 

1.1.3 In general, the assessment is to be based on a three-dimensional finite element analysis (3D FEA) 
carried out in accordance with the procedures contained in this document. 
 

1.1.4 Ships which have novel features or unusual hull structural or tank configurations, or have non-standard 
operational requirements, such as short duration voyages, frequent filling/emptying operation or off-shore 
loading/unloading, will require special consideration. 
 

1.1.5 It is recommended that the designer consults Lloyd’s Register on the analysis requirements early on in 
the design cycle. 
 

1.1.6 Where alternative procedures are proposed, these are to be agreed with Lloyd’s Register before 
commencement. 
 

1.1.7 If equivalent software is employed, full particulars of the software with its validation procedure may be 
required to be submitted. 
 

1.1.8 Lloyd’s Register may require the submission of computer input and output data to further verify the 
adequacy of any of the calculations carried out. 
 

1.1.9 Actual national or international standards for stainless steel 304L and 316L need to be specified in the 
design drawing. If increased yield strength values at cryogenic temperatures compared with values at ambient 
temperature are to be assumed for stainless steel 304L and 316L in the designer’s analysis, then these minimum 
0,2% proof stress values need to be specified by the shipyard to the steel makers and they need to be indicated 
in the design drawing. Furthermore, it needs to be demonstrated that these strength values are achieved to the 
satisfaction of the attending Surveyor. 
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1.2 Symbols 
 

1.2.1 The symbols used in these guidance notes are as follows: 
 

𝐿𝐿 = Rule length, in metres; see Pt 3, Ch 1, 6.1 Principal Particulars of the Rules and Regulations for 
the Classification of Ships 

𝐵𝐵 = moulded breadth, in metres; see Pt 3, Ch 1, 6.1 Principal Particulars of the Rules and 
Regulations for the Classification of Ships 

𝐺𝐺𝐺𝐺 = transverse metacentric height with free surface correction, in metres 

𝐿𝐿T = tank length (at primary barrier/membrane level), in metres 

𝐻𝐻 = tank depth (at primary barrier/membrane level), in metres 

𝑉𝑉T = tank volume, in m3 

𝐹𝐹 = cargo fill height in the tank, in metres 

 

1.3 Applicability 
 

1.3.1 This procedure is applicable for the strength and fatigue analyses of the Pump Tower, PTTS and PTBS 
fitted to Membrane Tank LNG Carriers with cargo tank proportions and dimensions complying with the 
containment system designer’s recommendations. It is assumed that the Pump Tower is located, in accordance 
with normal practice, near the aft end of the tank close to the centreline of the ship, as shown in Figure 1.1.1 
Details of Pump Tower in a Membrane Tank of LNG Carrier. Where this is not the case, then the analysis 
procedure needs to be adjusted in light of the Pump Tower position and agreed with Lloyd’s Register. 
 

1.3.2 The strength analysis of the Pump Tower with respect to the loadings imposed during cargo pumping 
operations is not covered by this procedure and is to be submitted as a separate document. For ships which load 
and unload in sheltered conditions, the loads arising from cargo pumping operations need not be combined with 
those loading components described in this procedure.  
 

1.3.3 In cases where the loading operation takes place in exposed conditions, it will be required to combine 
the loadings imposed during cargo operations with the loading components described in this procedure. 
 

1.3.4 The double sleeve arrangements of pipes which pass through the inner deck to guard against thermal 
stresses are not covered by this procedure and are to be considered separately. 
 

1.3.5 Where the design or location of the Pump Tower does not comply with Ch 1, 1.3 Applicability 1.3.1 
above, or the intended cargo tank filling levels differ from Ch 3, 2.2 Filling levels 2.2.1, then the Pump Tower 
design is to be specially considered using this procedure as a basis. 
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Figure 1.1.1 Details of Pump Tower in a Membrane Tank of LNG Carrier 

 

1.4 Analysis report 
 

1.4.1 A report containing details of the strength, fatigue and vibration analyses undertaken for the Pump 
Tower, PTTS and PTBS is to be submitted. This is to include: 
 

• a list of plans used, including dates and versions; 
• the methodologies used for analysing the Pump Tower and interfacing structures; 
• details of the ship motion code and their validation, or model tests used to compute ship motions in 

irregular seas, if alternative methods are used; 
• details and validation of the Computational Fluid Dynamics (CFD) codes and/or the model test 

procedures used to predict the dynamic loads due to sloshing of LNG; 
• details of applied loadings, including hydrodynamic forces and inertial forces of LNG in partially filled 

cargo tanks, thermal effects, and confirmation that individual and total applied loads are correct; 
• a detailed description of the structural model, including all modelling assumptions, material properties 

and boundary conditions; 
• plots and results to demonstrate that the behaviour of the structural model to the applied loads is 

correct. 

 

1.4.2 The analysis report is to include the maximum allowable deflections of the Pump Tower Base Support 
as specified by the designer of the LNG containment system. 
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CHAPTER 2: Summary of Procedure 
 

Section 1: General 

 

 

Section 1: General 
 

1.1 Main steps 
 

1.1.1 The main steps involved in verifying the strength, fatigue and vibration characteristics of the Pump 
Tower and interfacing structure for each selected combination of tank fill height and critical loading condition, are 
given below: 
 

• Evaluation of the velocity of the LNG flowing past the Pump Tower due to sloshing caused by ship 
motions (see Lloyd's Register’s ShipRight SDA Procedure for Sloshing Loads and Scantling 
Assessment) using the LR CFD sloshing assessment program Aquarius. Alternatively, the velocities 
may be derived by using suitable CFD software or model tests. 

• Calculation of the forces resulting from the flow of LNG past the Pump Tower using Morison’s 
formula. 

• Calculation of the total force, shear force and bending moment envelope distribution over the Pump 
Tower due to the inertia and hydrodynamic forces caused by the sloshing LNG and ship motions. 

• Structural analysis of the Pump Tower and interfacing structure to evaluate the deflections and 
stresses arising from the flow of LNG, in combination with inertial loads (including self-weight of the 
steel structure and entrapped fluid in the pipes) due to ship motion accelerations. 

• Evaluation of the results for the possible failure modes, i.e. yield strength, buckling strength and 
fatigue strength. 

• Evaluation of the natural frequency of the Pump Tower to ensure that it does not coincide with main 
machinery or propeller blade excitation frequencies (resonance avoidance analysis) and a vibration 
fatigue assessment in case there is a risk of resonance. 

 

 



Procedure for Analysis of Pump Tower and Interfacing Structure – February 2021 
 
Chapter 3 – Section 1 

Lloyd’s Register  5 
 

 

CHAPTER 3: Calculation of Forces 
 

Section 1: Pre-calculation and modelling 

Section 2: CFD analysis 

Section 3: Hydrodynamic forces due to flow of LNG 

Section 4: Shear force distribution 

Section 5: Bending moment distribution 

 

 

Section 1: Pre-calculation and modelling 
 

1.1 General 
 

1.1.1 The procedure is based on the use of Lloyd’s Register’s ShipRight SDA Procedure for Sloshing Loads 
and Scantling Assessment [1] and supporting software (the Aquarius CFD program). Alternative software or 
modelling techniques may be used, but the proposed procedure and validation of the CFD software or tank tests 
used is to be agreed with Lloyd's Register prior to commencement of the analysis. 
 

1.1.2 Aquarius uses the 3D CFD solver OpenFOAM but, to optimise the calculations, a 2D cross-section in 
the longitudinal and transverse direction is modelled. The motions are based on semi-regular motions with a 
period sweep across the critical periods. 
 

1.1.3 A model of the transverse and longitudinal section of the largest midship cargo tank is to be prepared 
using Aquarius or an alternative acceptable CFD sloshing program.  
 

1.1.4 The following properties are to be assumed for the LNG: 
 

• Density (ρ)   = 470 kg/m3 

• Kinematic viscosity = 2,5 x 10-7 m2/s 

 

1.1.5 The Pump Tower is to be modelled as a single column of probes at the location closest to the centre of 
the Pump Tower. A minimum of 20 probes along the height of the Pump Tower is considered acceptable. It is 
advisable to place probes at locations corresponding to the main tubular joints on the Pump Tower to simplify the 
application of the loads in the FE model. 
 

1.1.6 If the Lloyd’s Register post-processing spreadsheet is used, it is important that only probes to model the 
Pump Tower are used in the model. The probes should be placed in ascending order starting at the bottom of the 
Pump Tower and finishing at the top of the Pump Tower. An example of a Pump Tower model in Aquarius can be 
found in Figure 3.1.1 Pump Tower modelled as probes in CFD model. 
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Figure 3.1.1 Pump Tower modelled as probes in CFD model 

 

 

1.1.7 For the longitudinal cross-section, a 1,5 m baffle should be placed at the centre of the tank top. This 
baffle prevents unrealistic fluid jets, resulting in excessive loads, hitting the top of the Pump Tower, see Figure 
3.1.2 Baffle in longitudinal cross-section. 
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Figure 3.1.2 Baffle in longitudinal cross-section 

 

 

Section 2: CFD Analysis 
 

2.1 Motions 
 

2.1.1 For unrestricted world-wide operation the motions used should be as follows:  
 

(a) Transverse cross-sections: The default motions calculated by Aquarius in accordance with the Lloyd's 
Register’s ShipRight SDA Procedure for Sloshing Loads and Scantling Assessment, but with the motion 
period modified to cover the 8 - 12 seconds range. 
 

(b) Longitudinal cross-sections: Only the surge motion should be used; all other motion amplitudes should 
be set to zero. The default surge motions as calculated by Aquarius in accordance with the Lloyd's 
Register’s ShipRight SDA Procedure for Sloshing Loads and Scantling Assessment, but with the motion 
period modified to cover the 8 - 12 seconds range. 

 

2.1.2 For restricted operations the default motions calculated by Aquarius should be replaced by the one-year 
scatter diagram envelope curve for transverse cross-sections and the 20-year scatter diagram envelope curve for 
longitudinal cross-sections of the actual area where the vessel will be operated. Further information about how 
these motions can be calculated can be found in the Lloyd's Register’s ShipRight SDA Procedure for Sloshing 
Loads and Scantling Assessment. The additional motion modifications listed in Ch 3, 2.1 Motions 2.1.1 (period 
range of 8 - 12 seconds and only surge motions for longitudinal tanks) should also be applied to the restricted 
operations motions. 
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2.2 Filling levels 
 

2.2.1 LNG membrane Carriers are normally operated with an assigned barred filling range. The allowable high 
and low filling ranges are: 
 

(a) Below the maximum allowable low fill level. Typically, this is 10%H for GTT NO96 CCS and 2,75 m for 
GTT Mark III CCS. This value is to be taken as the agreed highest allowable fill height below the barred 
fill range applicable for the ship. 
 

(b) Above the minimum allowable high fill level. Typically, this is 70%H or higher. This value is to be taken 
as the agreed highest allowable fill height above the barred fill range applicable for the ship. 

 

2.2.2 For ships operating with an assigned barred fill range, see Ch 3, 2.2 Filling levels 2.2.1, the filling levels 
as specified in Table 3.2.1 Filling levels required for assessments are normally assessed. 
 

Table 3.2.1 Filling levels required for assessments 

Filling Level Strength Assessment Fatigue Assessment 
5%H No Yes 

10%H (or 2,75 m for GTT Mark III) Yes Possibly 
70%H Yes No 
95%H Yes Yes 

 

 

2.2.3 The loading conditions used for the fatigue assessment are to represent conditions that will be most 
commonly used throughout the ship’s life; see Ch 6, 1.3 Design parameters and acceptance criteria 1.3.2 for 
further information regarding the ship life profile. If it is expected that the ship will trade for a significant portion of 
its life in partially loaded conditions, then this will need special consideration. For instance, if it is intended to 
regularly trade in a normal ballast condition with a filling level of 10%H (or 2,75 m for GTT Mark III), it will be 
necessary to include this condition to reflect the anticipated filling level. In no case is a fill height of less than 5%H 
to be used for the assessment. 
 

2.2.4 In case the LNG Carrier is operated at filling levels outside the allowable filling ranges as specified in Ch 
3, 2.2 Filling levels 2.2.1, the additional filling levels will also need to be investigated in the strength and fatigue 
assessment in increments of 10%H from the bottom of the tank. The filling level at 5%H above and 5%H below 
the filling level at which the highest total loads acting on the Pump Tower are calculated should also be 
investigated. 
 

2.3 Loading conditions 
 

2.3.1 For unrestricted service the ship’s loading manual is to be reviewed to find the following loading 
conditions which give the greatest GM value: 
 

(a) Ballast condition (filling levels: 5%H and 10%H); 

(b) All cargo tanks full condition (filling level: 95%H); 

(c) One cargo tank full and all other cargo tanks empty (filling level: 70%H). 

 

2.3.2 In case the LNG Carrier is operated at filling levels outside the allowable filling ranges, the ship’s loading 
manual is to be reviewed to find the loading conditions which give the greatest GM value for the filling level 
investigated.



Procedure for Analysis of Pump Tower and Interfacing Structure – February 2021 
 
Chapter 3 – Section 3 

Lloyd’s Register  9 
 

 

Section 3: Hydrodynamic forces due to flow of LNG 
 

3.1 General 
 

3.1.1 The calculation of hydrodynamic forces due to the flow of LNG fluid past the Pump Tower is to be 
performed for: 
 

• Discharge pipes; 
• Emergency pump guide pipe (the forward vertical pipe in the tripod arrangement); 
• Any other pipes of significant size exposed to the flow, such as filling pipe and level gauge pipe for 

longitudinal cross-sections. These pipes may be ignored for the transverse cross-section calculations 
due to shielding effects. 

3.1.2 Cross-bracings may be neglected when calculating the hydrodynamic forces on the Pump Tower. 
 

3.1.3 The fluid force, 𝐹𝐹fluid, on each Pump Tower pipe segment or element exposed to the flow of LNG is to 
be calculated from the following formula. This calculation is based on Morison’s equation and is to be carried out 
for every time step in the CFD calculations. 
 

𝐹𝐹fluid(𝑡𝑡) = 𝐹𝐹U(𝑡𝑡) + 𝐹𝐹A(𝑡𝑡), in N 

where, 

Force due to fluid velocity  𝐹𝐹U(𝑡𝑡) = 0,5 𝐶𝐶d ρ 𝐷𝐷 𝑈𝑈(𝑡𝑡) |𝑈𝑈(𝑡𝑡)| 𝑑𝑑𝑑𝑑, in N 

Force due to fluid acceleration 𝐹𝐹A(𝑡𝑡) = 𝐶𝐶m ρ 𝐴𝐴 𝑈𝑈′(𝑡𝑡) 𝑑𝑑𝑑𝑑, in N 

𝐶𝐶d = equivalent drag coefficient, to be taken as 0.7 

ρ = density of LNG, see Ch 3, 1.1 General 1.1.4 , in kg/m3 

𝐷𝐷 = outside diameter of pipe, in metres 

𝑈𝑈(𝑡𝑡) = instantaneous fluid velocity acting on each pipe segment, dl, along the height of the Pump 
Tower location, in m/s 

|𝑈𝑈(𝑡𝑡)| = instantaneous absolute value of 𝑈𝑈, in m/s acting on each pipe segment 

𝑈𝑈′(𝑡𝑡) = acceleration of LNG acting on each segment, 𝑑𝑑𝑑𝑑, to be taken as 𝑑𝑑𝑈𝑈/𝑑𝑑𝑡𝑡, in m/s2 

𝑑𝑑𝑑𝑑 = length of the pipe segment or element between braces, etc., in metres 

𝐴𝐴 = cross-sectional area of pipe, = π𝐷𝐷2/4, in m2 

𝐶𝐶m = geometric inertia coefficient, to be taken as 2.0 for tubular pipes 

 

An example of the fluid forces distribution along the Pump Tower height due to fluid velocity and fluid 
accelerations can be found in Figure 3.5.1 Example of instantaneous forces and moments acting on the Pump 
Tower (A and B). 

 

3.1.4 The inertia force, 𝐹𝐹inertia, on each Pump Tower pipe segment or element due to the ship motion is a 
product of the Pump Tower acceleration and the mass of the Pump Tower section, including the fluid mass in the 
pipes where applicable, and is to be calculated for every time step in the CFD calculations. 
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𝐹𝐹inertia(𝑡𝑡) =  �(𝑚𝑚 +  𝑚𝑚fluid) 𝑥𝑥¨(𝑡𝑡)�, in N 

where 

𝑚𝑚 = mass of the pipe section including any associated equipment or other mass items not explicitly 
included in the hydrodynamic assessment, in kg 

𝑚𝑚fluid = mass of fluid inside the pipe section, in kg 

𝑥𝑥¨(𝑡𝑡) = instantaneous ship motion acceleration at the probe location including the gravity component, 
in m/s2 

An example of the inertia forces distribution along the Pump Tower height due to the ship motions can be found 
in Figure 3.5.1 Example of instantaneous forces and moments acting on the Pump Tower (C). 

 

3.1.5 The total force acting on each pipe segment or element of the Pump Tower is the summation of both the 
fluid force 𝐹𝐹fluid and the inertia force 𝐹𝐹inertia. This is to be evaluated for every time step in the CFD calculations. 
 

𝐹𝐹total(𝑡𝑡) = 𝐹𝐹fluid(𝑡𝑡) + 𝐹𝐹inertia(𝑡𝑡), in N 

 

An example of the total force distribution along the Pump Tower height can be found in Figure 3.5.1 Example of 
instantaneous forces and moments acting on the Pump Tower (D). 

 

Section 4: Shear force distribution 
 

4.1 General 
 

4.1.1 The shear force distribution along the height of the Pump Tower is dependent on the end conditions with 
the Pump Tower Base Support (PTBS) and the Pump Tower Top Support (PTTS). For conventional Pump 
Towers the PTBS end condition can be assumed pinned and the end condition of the PTTS can be assumed 
clamped. 
 

4.1.2 The instantaneous reaction force at the PTBS is calculated as follows. This is to be evaluated for every 
time step in the CFD calculations. 
 

𝑅𝑅A(𝑡𝑡) = ∑ 𝐹𝐹totali(𝑡𝑡)

2ℎ3
(ℎ − 𝑎𝑎i)2(2ℎ + 𝑎𝑎i)n

i=1 , in N 

where 

𝐹𝐹totali(𝑡𝑡) = instantaneous total force at location, in N (see Ch 3, 3.1 General 3.1.5) 

ℎ = height of the Pump Tower, in m 

𝑎𝑎i = height of location i above the PTBS, in m 

n = total number of pipe segments 

 

An example of the shear force distribution along the Pump Tower height can be found in Figure 3.5.1 Example of 
instantaneous forces and moments acting on the Pump Tower (E). 
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4.1.3 The shear force at any segment along the Pump Tower is calculated by subtracting the sum of the 
forces between the PTBS and the segment being investigated from the reaction force at the PTBS. This is to be 
evaluated for every time step in the CFD calculations. 
 

𝑉𝑉(𝑡𝑡) = 𝑅𝑅A(𝑡𝑡) −∑ 𝐹𝐹totali(𝑡𝑡)
x
i=1 , in N 

where 

x = pipe segment number being investigated 

 

4.1.4 As the forces are modelled as point loads, the shear force diagram should be modelled as a straight line 
between each point load, so it would be the same shape as a uniformly distributed load. 
 

 

Section 5: Bending moment distribution 
 

5.1 General 
 

5.1.1 The bending moment at the PTTS is calculated as follows: 
 

𝐺𝐺B(𝑡𝑡) = ∑ −𝐹𝐹totali(𝑡𝑡)𝑎𝑎i
2ℎ2

(ℎ2 − 𝑎𝑎i2)n
i=1 , in Nm 

 

5.1.2 The distribution of the bending moment along the height of the Pump Tower is calculated as follows. 
This is to be evaluated for every time step in the CFD calculations. 
 

𝐺𝐺(𝑡𝑡) = 𝑅𝑅A(𝑡𝑡)𝑎𝑎x − ∑ 𝐹𝐹totali(𝑡𝑡)(𝑎𝑎i − 𝑎𝑎1)n
i=1 , in Nm 

where 

𝑥𝑥 = pipe segment number being investigated 

 

An example of the bending moment distribution along the Pump Tower height can be found in Figure 3.5.1 
Example of instantaneous forces and moments acting on the Pump Tower (F). 

 

5.1.3 As the bending moment distribution is calculated for every probe location and for all time steps, it is 
possible to extract the time step for the maximum and minimum bending moment value per probe location. By 
extracting the bending moment values for this time step for the all probe locations it is possible to plot an 
overview of all maximum and minimum bending moment distributions incorporating the maximum and minimum 
values for all locations. An example is displayed in Figure 3.5.2 Bending moment distributions. 
 

5.1.4 Per filling level, all bending moment distributions considered important should be used for the structural 
analysis. For the filling level example in Figure 3.5.2 Bending moment distributions, the time instances of the 
curves indicated by (1), (2) and (3) should be subjected to the strength and fatigue assessments. The time 
instance of the curve indicated by (4) might need to be checked if the reaction force at the PTBS is higher than 
the time instance of the curves indicated by (2) or (3). 
 

5.1.5 In addition to the bending moment distributions, per filling level the maximum total load acting on the 
Pump Tower in the positive and negative directions should be included in the structural analysis.
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Figure 3.5.1 Example of instantaneous forces and moments acting on the Pump Tower 
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Figure 3.5.2 Bending moment distributions 
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CHAPTER 4: Structural Analysis 
 

Section 1: Modelling 

Section 2: Application of loads 

Section 3: Load cases 

 

 

Section 1: Modelling 
 

1.1 General 
 

1.1.1 Two finite element (FE) models are required: 
 

(a) The Pump Tower and its upper and lower support structures; 

(b) The Pump Tower Base Support and the supporting structure in the double bottom. 

Both models may be combined into one FE analysis if preferred. 

 

1.1.2 The Pump Tower model is to include appropriate modelling at the top and bottom of the tower in all 
degrees of freedom to reflect the connection with the adjacent primary structure. Particular attention is to be 
given to ensuring that the correct representation of connections between the Pump Tower structure and the 
Pump Tower Base Support, and the inner and trunk decks, is achieved. This is especially important for the 
thermal load cases. 
 

1.2 Pump Tower (PT) model 
 

1.2.1 For the Pump Tower itself, the minimum requirement is to model only the main tubular columns and 
cross-bracings. However, any additional pipes having a significant effect on the structural or vibrational response 
should be included in the model. 
 

1.2.2 In principle, a coarse mesh comprising one line element (bar element with axial shear and bending 
stiffness) between nodal joints is acceptable, e.g. for the main tubular column, one element between cross 
braces is acceptable. 
 

1.2.3 However, it should be noted that stress results are required at intermediate points between the cross 
brace joints. Hence, if the analysis code being used is not capable of providing stress results at a minimum of 
seven points along the length of the element, i.e. at both ends and at 0,1𝐿𝐿p, 0,25𝐿𝐿p, 0,50𝐿𝐿p, 0,75𝐿𝐿p and 0,9𝐿𝐿p 
(where 𝐿𝐿p is the effective cross beam length, see Ch 5, 1.3 Stress assessment for cylindrical members), then six 
elements are required between cross brace joints. Cross brace nodal positions are to be modelled at the 
intersection of the centre lines of the intersecting members.  
 

1.2.4 Property entries for the line elements are to include the cross-sectional area of the tube, the area 
moments of inertia and the torsional constant. 
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1.2.5 For cross braces with sliding ends, the relevant degree of freedom is to be released to permit the sliding 
motion (for example, if the analysis code is MSC NASTRAN, this can be achieved using the pin flags option). 
 

1.2.6 The lower ends of the main tubular columns are connected to a base plate and, via a guide assembly, to 
the Pump Tower Base Support (PTBS) structure. This partially restricts the movement of the Pump Tower in the 
longitudinal and transverse directions. The base plate is to be modelled using a suitable arrangement of plate 
and line elements. 
 

1.2.7 The line elements representing the tubular columns are to be connected to the base plate by suitable 
rigid elements (in MSC NASTRAN, RBE1 or RBE2 elements are suitable) (see Figure 4.1.1 Pump Tower Base 
Plate model and Figure 4.1.2 Pump Tower (PT) model (NO96 design illustrated)). Care is to be taken to ensure 
that sufficient dependencies are defined so that the relevant forces and moments are transferred from the base 
plate to the tubular columns and that over constraint is not introduced. 
 

1.2.8 For the temperature case it is necessary to ensure that the selected rigid element can represent the 
effects of thermal contraction (in MSC NASTRAN, the thermal expansion coefficient is entered into either the 
RBE1 or RBE2 definition and RIGID = LARGRAN is included in the Case Control Deck). 
 

1.2.9 The Pump Tower Top Support (PTTS) is to be represented as given in Ch 4, 1.3 Pump Tower Top 
Support (PTTS). 
 

1.2.10 The connection to the Pump Tower Base Support (PTBS) is to be represented as given in Ch 4, 1.4 
Connection between Pump Tower and Pump Tower Base Support. 
 

1.2.11 Other structural items, such as platforms and large equipment items, e.g. pumps and other accessories, 
are to be modelled as lump masses. Minor pipes, ladders, platforms, cableways, etc. may be incorporated into 
the model by adjusting the density of the material. Alternatively, non-structural mass on the appropriate elements 
may be specified. 
 

1.2.12 The mass of the Pump Tower model and location of its centre of gravity are to be checked against the 
supplied information. Adjustments to the modelled mass density and lump masses are to be made until suitable 
correspondence is achieved. 
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Figure 4.1.1 Pump Tower Base Plate model 
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Figure 4.1.2 Pump Tower (PT) model (NO96 design illustrated) 
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1.3 Pump Tower Top Support (PTTS) 
 

1.3.1 As indicated in Ch 1, 1.3 Applicability, the assessment of the double sleeve and insulation arrangements 
of the main tubular columns through the inner deck, provided to guard against thermal stresses, does not form 
part of these guidelines. However, appropriate representation of the PTTS is required to ensure that the correct 
response of the Pump Tower to the applied loads is obtained. 
 

1.3.2 The PTTS arrangements depend on the type of containment system fitted and the exact method of 
modelling them will depend on the proposed support arrangements. Typically, the following methods are 
recommended for the GTT Pump Tower Top Support Systems. 
 

(a) For containment systems without a large opening in way of the Pump Tower and in which the PTTS 
connects to the inner deck, such as in the GTT NO96 design, the upper connections of the main vertical 
tubular columns to the inner and trunk deck may simply be represented by boundary conditions as 
follows: 
• Gap elements in the transverse and longitudinal directions and arranged at the inner deck level 

can be used to represent the thermal sleeve arrangement. The gap is to be equal to the clearance 
between the inner and outer sleeves. For Pump Towers which have a triangular arrangement in 
plan view and where two of the main columns lie in the transverse plane, these gap elements need 
only be applied to these two columns. The third column is to be constrained in both the transverse 
and the longitudinal direction, see Figure 4.1.2 Pump Tower (PT) model (NO96 design illustrated). 

• Vertical constraints at the inner deck level. 
• All rotations at the inner deck level, and all translations and rotations at the trunk deck level, are 

free of constraint. 
 

(b) For containment systems having a large liquid dome opening in the trunk deck in way of the Pump 
Tower location, such as the GTT Mark III design, the following are to be applied (see example in Figure 
4.1.3 Links between the Pump Tower and the tops of the main columns): 
 
• Plate and line elements are to be used to represent the hatch cover at the trunk deck level. It is not 

necessary to include the dome opening coaming. 
• The hatch cover is to be constrained in all translations and rotations at its boundaries. 
• For Pump Towers which have a triangular arrangement in plan view and where two of the main 

columns lie in the transverse plane, the connections between the members representing the pipe 
tower columns and those representing the stiffening of the hatch cover are to be removed in the 
longitudinal and transverse directions (e.g. by use of MSC NASTRAN pin flags or an equivalent 
facility) and replaced by gap elements. The gap is to be equal to the clearance between the inner 
and outer sleeves. 
 

1.4 Connection between Pump Tower and Pump Tower Base Support 
 

1.4.1 The Pump Tower is connected, via a guide assembly, to the PTBS structure, which partially restricts the 
transitional movement of the Pump Tower in the longitudinal and transverse directions and rotation around the 
vertical axis. 
 

1.4.2 The sliding connection provided by the guide assembly is to be represented by a suitable arrangement 
of gap or sliding elements in way of the interface between the Pump Tower Base Plate (PTBP) and the PTBS 
(see Figure 4.1.4 Arrangement of gap or sliding elements representing the guide assembly between the Pump 
Tower Base Plate and the Pump Tower Base Support (PTBS)). 
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1.4.3 This applies whether the PTBS model is included in the PT analysis or the PTBS model is analysed 
separately. Normally, the guide assembly location on the Pump Tower base Plate should be constrained so as to 
prevent rotation of the Tower about its vertical axis and translation of the Tower in the longitudinal and transverse 
directions. The vertical translation and other rotational directions are to be free of constraint. 
 

 

Figure 4.1.3 Links between the Pump Tower and the tops of the main columns 

 

 

1.5 Pump Tower Base Support (PTBS) model 
 

1.5.1 Plate and bar elements are to be used to represent the Pump Tower Base Support and the double 
bottom, including the local reinforcement structure in way of the PTBS. The double bottom model is to extend at 
least to the 1st transverse and 1st girder outside the extent of the local reinforcement. 
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1.5.2 The mesh size is to be such that openings in the PTBS and double bottom structure are reasonably well 
represented in the model and the deflection response of the PTBS is correctly predicted. The mesh size is not to 
exceed about 50 mm x 50 mm for the stress analysis but see also Ch 6, 2 Pump Tower interfacing structure, as 
this requires a t x t mesh for the fatigue check in way of fatigue critical regions. 
 

1.5.3 The Pump Tower connection is to be modelled as indicated in Ch 4, 1.4 Connection between Pump 
Tower and Pump Tower Base Support if included within the PT model. If the PTBS model is analysed separately, 
then the loads from the PT analysis are to be applied as forces to the PTBS model. 
 

 

 

 

 

Figure 4.1.4 Arrangement of gap or sliding elements representing the guide assembly between 
the Pump Tower Base Plate and the Pump Tower Base Support (PTBS) 
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Section 2: Application of loads 
 

2.1 Hydrodynamic loads 
 

2.1.1 The hydrodynamic forces on the Pump Tower due to sloshing (𝐹𝐹fluid), as determined from Ch 3, 3.1 
General 3.1.3, are to be applied as pressure or distributed loads along the length of all line elements representing 
pipes exposed to the fluid flow (e.g. in MSC NASTRAN, the PLOAD1 card is a suitable load application format). 
The hydrostatic forces on the Pump Tower may be ignored. 
 

2.2 Inertia loads 
 

2.2.1 The whole Pump Tower and any LNG contained within the pipes of the Pump Tower are to be subjected 
to inertial loading due to the longitudinal and transverse acceleration of the ship, (𝐹𝐹inertia), as determined from Ch 
3, 3.1 General 3.1.4. These forces may to be incorporated into the model by suitable adjustment of the gravity 
vector applied to the model (e.g. in MSC NASTRAN, modifying the values entered on the GRAV card). 
Alternatively, these forces may be applied as distributed loads to all elements of the Pump Tower. 
 

2.3 Self-weight 
 

2.3.1 The self-weight of the Pump Tower and its associated equipment is to be included in the strength 
calculations assuming a gravity vector of 1,0g. The effects of buoyancy of pipes and weight of liquid in the pipes 
may be neglected when calculating the effective self-weight of the Pump Tower. 
 

2.4 Thermal loads 
 

2.4.1 Thermal loading is applied by defining a suitable temperature distribution over the height of the Pump 
Tower model. The temperature distribution over the Pump Tower height is dependent on the filling level under 
consideration and the voyage duration. 
 

2.4.2 The following distribution is to be assumed: 
 

(a) For the structure below the fluid surface, the temperature is to be taken as −163°C; 
(b) For the structure between the fluid surface and the top of the Pump Tower, the temperature is to be 

taken as: 
 
• for the case with fill heights of 70%H and above: −163°C; 
• for the case with fill heights equal to or below 10%H: −163°C at the free surface and −30°C at the 

top of the Pump Tower; a linear distribution can be assumed in between; 
• for loading operations, any loading pipe is to be taken at −163°C; 
• for unloading operations, any unloading pipe is to be taken at −163°C; 

 
(d) For the ship structure, ambient temperature is to be taken as +20°C at the inner deck and +45°C at 

the trunk deck; a linear distribution can be assumed in between; 
(e) The ambient temperature of +45°C is to be used as the reference (initial) value for the analysis. 
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2.5 Damage condition loads 
 

2.5.1 For PTBS, maximum thermal loads based on USCG damage condition (primary barrier damaged 
condition) and maximum combined load (sloshing + inertia + gravity) need to be considered in thermo-
mechanical assessment. The combined load should be based on an appropriate exceedance probability. 
 

 

Section 3: Load cases 
 

3.1 General 
 

3.1.1 The outcome of Ch 3 Calculation of Fluid Forces is a collection of maximum and minimum bending 
moment and shear force curves for all applicable fill heights. The fluid sloshing hydrodynamic load cases to be 
applied to the Pump Tower are as follows: 
 

(a) Time instance which maximises the bending moment along any portion of the Pump Tower; 
(b) Time instance which minimises the bending moment along any portion of the Pump Tower; 
(c) Time instance which maximises the shear force along any portion of the Pump Tower; 
(d) Time instance which minimises the shear force along any portion of the Pump Tower; 
(e) Time instance which maximises the total force acting on the Pump Tower; 
(f) Time instance which minimises the total force acting on the Pump Tower. 

 

3.1.2 For LNG Carriers using the conventional filling restrictions, it is likely that the highest load acting on the 
lower part of the Pump Tower is due to the 10%H filling level and that the highest load acting on the upper part of 
the Pump Tower is caused by the higher filling heights. 
 

3.1.3 The load cases are to comprise the following load components: 
 

(a) Operational load cases: 
 
• Sloshing hydrodynamic forces including the inertia forces at the same time instance as described 

in Ch 3, 3.1 General 3.1.5; 
• Self-weight due to gravity vector of 1,0g; 
• Thermal loads for the fill heights used. 

 
(b) Loading/unloading load cases at exposed terminals: 

 
• Sloshing hydrodynamic forces including the inertia forces at the same time instance that 

maximises/minimises the moments/ forces at that fill height (see Ch 3, 3.1 General 3.1.1). If the 
loading/unloading takes place in sheltered waters, the sloshing hydrodynamic forces can be 
ignored; 

• Self-weight due to gravity vector of 1,0g; 
• Thermal loads for the fill heights used, taking account of LNG in the filling/discharge pipe(s). 

 

3.1.4 When separate models of the Pump Tower and Pump Tower Base Support are used, the load cases 
should first be applied to the model of the Pump Tower. The interaction forces obtained from this analysis should 
then be applied to the separate model of the Pump Tower Base Support. 
 

3.1.5 The load cases to be run for the fatigue analysis are given in Ch 3, 2 CFD analysis.
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3.2 Load scale factors 
 

3.2.1 The forces applied to the Pump Tower for the hydrodynamic load cases selected for the strength and 
fatigue assessments are to be multiplied with the load scale factors as listed in Table 4.3.1 Load scale factors. 
These factors have been derived based on extensive calibration calculations. As the 70%H filling height is not 
common, this load case is assessed based on short-term loads. The Aquarius loads, which are based on long-
term motions, have therefore been reduced to reflect the maximum loads in a three-hour period. 
 

Table 4.3.1 Load scale factors 

Filling level 5%H 10%H (or 2,75m) 70%H 95%H 

Longitudinal load scale factor 1,6 1,2 0,7 1,0 

Transverse load scale factor 1,1 1,3 0,7 1,0 
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CHAPTER 5: Strength Assessment 
 

Section 1: Pump Tower tubular columns and cross braces 

Section 2: Pump Tower joints 

Section 3: Pump Tower Base Support 

Section 4: Pump Tower interfacing structure 

 

 

Section 1: Pump Tower tubular columns and cross braces 
 

1.1 General 
 

1.1.1 The Pump Tower tubular columns and cross braces are to satisfy the following stress and buckling 
criteria. At least seven positions along each pipe length between cross brace joints are to be examined, namely 
0,0𝐿𝐿p, 0,1𝐿𝐿p, 0,25𝐿𝐿p, 0,5𝐿𝐿p, 0,75𝐿𝐿p, 0,9𝐿𝐿p and 1,0𝐿𝐿p, where 𝐿𝐿p is defined in Ch 5, 1.2 Allowable stresses for 
cylindrical members.  
 

1.1.2 For all load cases, the axial and bending stresses and their combinations at each position are to satisfy 
the assessment criteria given in Ch 5, 1.3 Stress assessment for cylindrical members. 
 

1.1.3 Cross braces which are completely or partially immersed in LNG and which are fluid tight are also to 
satisfy the requirements of Ch 5, 1.4 Hoop buckling stress check. These additional checks do not normally apply 
to the main vertical tubular members, which are assumed to be filled with LNG up to the same level as the tank 
fill height. 
 

1.2 Allowable stresses for cylindrical members 
 

1.2.1 Allowable axial tensile stress, σt:  σt = 𝑓𝑓a 0,6 σy 
 

1.2.2 Allowable axial compressive stress, σc: σc = 𝑓𝑓a  
�1−

(𝐾𝐾𝐿𝐿p/𝑟𝑟)2

2𝐶𝐶c2
� σf

5
3
+
3(𝐾𝐾𝐿𝐿p/𝑟𝑟)

8𝐶𝐶c
−

(𝐾𝐾𝐿𝐿p/𝑟𝑟)3

8𝐶𝐶c3

 for (𝐾𝐾𝐿𝐿p/𝑟𝑟) < 𝐶𝐶c 

σc = 𝑓𝑓a  12π2𝐸𝐸
23(𝐾𝐾𝐿𝐿p/𝑟𝑟)2

  for (𝐾𝐾𝐿𝐿p/𝑟𝑟) ≥ 𝐶𝐶c 

 

1.2.3 Allowable bending stress, σb:  σb = 𝑓𝑓a 0,75 σy  for �𝐷𝐷
𝑡𝑡
≤ 10340

σ
y
� 

σb = 𝑓𝑓a �0,84− 1,74 σy𝐷𝐷
𝐸𝐸𝑡𝑡
� σy for �10340

σy
< 𝐷𝐷

𝑡𝑡
≤ 20680

σy
� 

      σb = 𝑓𝑓a �0,72− 0,58 σy𝐷𝐷
𝐸𝐸𝑡𝑡
� σy for �20680

σy
< 𝐷𝐷

𝑡𝑡
≤ 300� 
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1.2.4 Allowable beam and torsional shear stresses, σν:  σv = 𝑓𝑓a 0,4 σy 
 

where, 

𝑓𝑓a = allowable stress factor, to be taken as 1,0 for load cases defined in Ch 4, 3 Load cases 

𝐿𝐿p = un-braced length of cylindrical member, to be taken as the modelled distance between nodal 
joints at each end of the member, m 

𝐸𝐸 = Young’s modulus of elasticity, N/mm2 

𝑡𝑡 = wall thickness of cylindrical member, m 

𝐷𝐷 = outside diameter of cylindrical member, m 

𝐾𝐾 = effective length factor of cylindrical member, to be taken as 0,8 

𝑟𝑟 = radius of gyration of cross-section of cylindrical member, m 

σ
f
 = minimum of the yield stress, σy, and the local buckling stresses, σ

xc
, N/mm2 

σ
xe

 = elastic local buckling stress, N/mm2:  σxe  =  0,6 𝐸𝐸 𝑡𝑡/𝐷𝐷 

σ
xc

  = inelastic local buckling stress, N/mm2:  �
σxc = σy �1,64 − 0,23(𝐷𝐷/𝑡𝑡)1 4� � ≤ σxe

σxc = σy   for (𝐷𝐷/𝑡𝑡) ≤ 60
� 

Cc = compression factor    Cc = �2π2𝐸𝐸
σf

 

σ
y
 = yield stress, N/mm2, to be taken as 0,2 per cent of the proof strength in the case of stainless 

steel. The temperature dependent value of yield stress may be used. 

 

1.3 Stress assessment for cylindrical members 
 

1.3.1 For all positions along the length of each main tubular column and cross brace, the combined axial and 
bending utilisation factor is to satisfy the following: 
 

𝐹𝐹ax + 𝐹𝐹b ≤ 1,0 

where, 

𝐹𝐹ax = axial utilisation factor defined as: 

at the ends: 𝐹𝐹ax = �σax
σt
� 

for all other locations, i.e. 0,1𝐿𝐿p, 0,25𝐿𝐿p, 0,5𝐿𝐿p, 0,75𝐿𝐿p and 0,9𝐿𝐿p: 

𝐹𝐹ax = �σax
σt
� when σax ≥  0,0 

𝐹𝐹ax = �𝜎𝜎ax
𝜎𝜎c
� when σax <  0,0 

𝐹𝐹𝑏𝑏 = bending utilisation factor defined as: 

at the ends: 𝐹𝐹b =
�σipb

2 +σopb
2

σb
   when σax ≥  0,0 or (σax <  0,0 and 𝐹𝐹ax ≤  0,15) 
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𝐹𝐹b =
� �

𝐶𝐶mipσipb
(1−σax/σe

�
2
+�

𝐶𝐶mopσopb
(1−σax/σe

�
2

σb
  when σax <  0,0 and 𝐹𝐹ax >  0,15 

where, 

σax  = axial stress of member from FE analysis 

σipb = in-plane1 bending stress of member from FE analysis 

σopb  = out-of-plane1 bending stress of member from FE analysis 

𝐶𝐶mip, 𝐶𝐶mop = reduction factors, to be taken as 0,85 

σt, σc, σb = allowable stresses as given in Ch 5, 1.2 Allowable stresses for cylindrical members 

σe = 
12π2𝐸𝐸

23(𝐾𝐾𝐿𝐿p/𝑟𝑟)2
 

 

1.3.2 For all positions along the length of each main tubular column and cross brace, the shear stress and 
torsional shear stress are to satisfy the following: 
 

σvb
σv

≤ 1,0   and   
σvt
σv

≤ 1,0 

where, 

𝜎𝜎vb = beam shear stress defined as:   σvb = 𝐹𝐹t
0,5𝐴𝐴

 

σvt = torsional shear stress defined as:  σvt = 𝑀𝑀t(𝐷𝐷/2)
𝐼𝐼p

 

𝐹𝐹t = transverse shear force from FE analysis, MN 

𝐺𝐺t = torsional moment from FE analysis, MNm 

𝐼𝐼p = polar moment of inertia, m4 

𝐴𝐴 = cross-section area, m2 

 
1 In-plane bending induces stresses at the locations T and B shown in Figure 6.1.1 Fatigue locations to be considered. 
2 Out-of-plane bending induces stresses at the locations F and A shown in Figure 6.1.1 Fatigue locations to be considered. 
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1.4 Hoop buckling stress check 
 

1.4.1 For cross braces which are fluid tight and are completely or partially immersed in the LNG fluid, a hoop 
buckling stress check is to be carried out. This is to assess the local buckling strength of the cross brace tubes 
when subject to hydrostatic pressure from the LNG fluid. 
 

1.4.2 Hoop buckling due to hydrostatic pressure only.  
The hoop stress σh due to hydrostatic pressure is to satisfy the following: 

σh
(σhc/𝑓𝑓h) ≤ 1,0 

where, 

 𝑓𝑓h = safety factor for hoop compression, to be taken as 2,0 

 σh = hoop compressive stress  (N/mm2), σh  =  𝑃𝑃 𝐷𝐷/(2𝑡𝑡) 

 𝑃𝑃 = hydrostatic pressure  (N/mm2), 𝑃𝑃 =  10−6ρ 𝑔𝑔 𝐻𝐻 

 ρ = density of LNG fluid  (kg/m3) 

 𝑔𝑔 = 9,81    (m/s2) 

 𝐻𝐻 = distance from the mean fluid level to the point on the cross brace being assessed (m) 

 σhc = critical hoop buckling stress (N/mm2) 

  Elastic buckling 

  σhc  =  σhe   for σhe  ≤ 0,55σy 

Inelastic buckling 

  σhc  =  0,45σy +  0,18σhe  for 0,55σy  <  σhe  ≤ 1,6σy 

σhc  =  1,31σy
1,15+(σy/σhe)

  for 1,6σy  <  σhe  ≤ 6,2σy 

σhc  =  σy   for σhe  >  6,2σy 

σhe = elastic hoop buckling stress (N/mm2), σhe  =  2 𝐶𝐶h 𝐸𝐸 𝑡𝑡/𝐷𝐷 

𝐶𝐶h = critical hoop buckling coefficient, where: 

𝐶𝐶h = 0,44 (𝑡𝑡/𝐷𝐷)   for 𝐺𝐺 ≥  1,6(𝐷𝐷/𝑡𝑡) 

𝐶𝐶h = 0,44(𝑡𝑡/𝐷𝐷) + 0,21(𝐷𝐷/𝑡𝑡)3

𝑀𝑀4   for 0,825 �𝐷𝐷
𝑡𝑡
� ≤  𝐺𝐺 <  1,6(𝐷𝐷/𝑡𝑡) 

  𝐶𝐶h = 0,736/(𝐺𝐺 − 0,636)  for 3,5 ≤  𝐺𝐺 <  0,825(𝐷𝐷/𝑡𝑡) 

  𝐶𝐶h = 0,755/(𝐺𝐺 − 0,559)  for 1,5 ≤  𝐺𝐺 <  3,5 

  𝐶𝐶h = 0,8    for 𝐺𝐺 <  1,5 

 𝐺𝐺 = geometric factor, 𝐺𝐺 = 𝐿𝐿b
𝐷𝐷

(2𝐷𝐷/𝑡𝑡)1 2�  

 𝐿𝐿b = braced length which may be taken as 𝐿𝐿p (m), see Ch 5, 1.2 Allowable stresses for cylindrical 
members 

 𝐷𝐷, 𝑡𝑡 are given in Ch 5, 1.2 Allowable stresses for cylindrical members. 
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1.4.3 Buckling stress due to combined dynamic, temperature and hydrostatic loads. 
 

(a) Cross braces in tension 

(i) For cross braces with induced tensile axial stress due to the applied loads (but see 
also Ch 5, 1.4 Hoop buckling stress check 1.4.3 (b) (iii)), the following criterion is to be 
satisfied when combined with hoop stress: 

   𝑆𝑆A2 + 𝑆𝑆H2 + 2𝜈𝜈|𝑆𝑆A|𝑆𝑆H ≤ 1,0 

where, 

   𝑆𝑆A = |σa max|+|σb max|−|(0,5σh)|
σy

𝑓𝑓t 

   𝑆𝑆H = σh
σhc

𝑓𝑓h 

   𝑣𝑣 = Poisson’s ratio 

σa max = maximum tensile axial stress along the length of the cross brace (N/mm2) 

   σb max = maximum bending stress along the length of the cross brace (N/mm2), i.e. 

    = �σibp2 + σobp2  

   𝑓𝑓t = safety factor for axial tension, to be taken as 1,67 

   𝜎𝜎h, 𝑓𝑓h  are as given in Ch 5, 1.4 Hoop buckling stress check 1.4.2 

(ii) If |σb max| > |σa max| + 0,5|σh|, then Ch 5, 1.4 Hoop buckling stress check 1.4.3 (b) (i) 
is also to be satisfied, even though the cross brace is in tension. The absolute value of 
the axial stress in the cross brace member is to be used to determine σ

a max
. 

(b) Cross braces in compression 

(i) For the cross braces with induced compressive axial stress due to the applied loads 
(but see also Ch 5, 1.4 Hoop buckling stress check 1.4.3 (a) (ii)), the following criterion 
is to be satisfied when combined with hoop stress: 

|σa max|+|0,5σh|
σxc

𝑓𝑓𝑐𝑐 + |σb max|
𝜎𝜎y

𝑓𝑓b ≤ 1,0 

  where, 

𝜎𝜎a max = maximum axial compressive stress along the length of the cross brace 
(N/mm2) 

   𝑓𝑓c = safety factor for axial compression, to be taken as 1,67 

   𝑓𝑓b = safety factor for bending: 𝑓𝑓b = σy
σb

 

   σb max is as given in Ch 5, 1.4 Hoop buckling stress check 1.4.3 (a) (i) 

   σh, 𝑓𝑓h are as given in Ch 5, 1.4 Hoop buckling stress check 1.4.2 

   σb is as given in Ch 5, 1.2 Allowable stresses for cylindrical members 1.2.3 

 

  (ii) Additionally, if σx > 0,5σha, the following criterion is also to be satisfied: 

�
σx − 0,5σha
σaa − 0,5σha

� + �
σh
σha

�
2
≤ 1,0 

where,
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  σaa = σxe
𝑓𝑓c

 

  σha = σhe
𝑓𝑓h

 

  σx = |σa max| + |σb max| + |0,5σh| 

  σxe is as given in Ch 5, 1.2 Allowable stresses for cylindrical members 1.2.4 

  σhe is as given in Ch 5, 1.4 Hoop buckling stress check 1.4.2 

(iii) If |σb max| > |σa max| + 0,5|σh|, then the requirement of Ch 5, 1.4 Hoop buckling stress 
check 1.4.3 (a) (i) is to be satisfied even though the cross brace is in compression. 
The absolute value of axial stress in the cross brace member is to be used to 
determine σ

a max
. 

 

Section 2: Pump Tower joints 
 

2.1 Introduction 
 

2.1.1 Figure 5.2.1 Details of a simple tubular joint shows a simple tubular joint. Such joints are classified as K, 
T, Y or X type according to the structural configuration. The capacity depends on joint type, geometric 
parameters and the axial and bending stresses in the tubular members. The strength of each connection 
between the Pump Tower tubular column and the cross brace and the connections between the cross braces are 
to be assessed as given in Ch 5, 2.2 Strength assessment method. 
 

 

Figure 5.2.1 Details of a simple tubular joint 

 

2.2 Strength assessment method 
 

2.2.1 The forces and moments in the braces at the joints are to satisfy the criteria given below: 

 Combined check: � 𝑃𝑃
𝑃𝑃a
� + �𝑀𝑀

𝑀𝑀a
�
ipb

2
+ � 𝑀𝑀

𝑀𝑀a
�
opb

≤ 1,0 

where:

θ = Brace angle (measured from chord), deg 
𝑔𝑔 = Gap, mm 
𝑡𝑡c = Cross brace thickness, mm 
𝑡𝑡p = Pump Tower tubular column thickness, mm 
𝐷𝐷c = Cross brace diameter, mm 
𝐷𝐷p = Pump Tower tubular column diameter, mm 
 

β =
𝐷𝐷c
𝐷𝐷p

, γ =
𝐷𝐷p
2𝑡𝑡p

 ,α =
𝑡𝑡c
𝑡𝑡p
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 𝑃𝑃 = axial force in the cross brace in way of the joint from FE analysis (N), 

= σax 𝐴𝐴 

 σax = axial stress in the cross brace at the joint from FE analysis (N/mm2) 

 𝐺𝐺 = in-plane or out-of-plane bending moment in the cross brace in way of the joint (Nmm), 

  = σipb 𝑍𝑍 or σopb 𝑍𝑍, as appropriate 

 𝑍𝑍 = section modulus of the cross brace (mm3), 

σipb, σopb =are in-plane bending (ipb), and out-of-plane bending (opb) stresses in the cross brace at the 
joint from FE analysis (N/mm2)  

𝑃𝑃a = allowable axial load on cross brace (kN), 

  = 𝑓𝑓a𝑄𝑄u𝑄𝑄f
σyc𝑡𝑡p2

1,6 𝑠𝑠𝑠𝑠𝑠𝑠θ
 

 𝐺𝐺a = allowable bending moment on cross brace (Nmm), 

  = 𝑓𝑓a𝑄𝑄u𝑄𝑄f
σyc𝑡𝑡p2𝐷𝐷c
1,6 𝑠𝑠𝑠𝑠𝑠𝑠θ

 

 𝑓𝑓a = allowable stress factor = 1,0 

𝜎𝜎yc = yield stress of the chord member at the joint (or 2/3 of the ultimate tensile strength if less) 
(N/mm2) 

 𝑡𝑡p, 𝐷𝐷c, θ, β and γ are defined in Figure 5.2.1 Details of a simple tubular joint 

𝑄𝑄u = ultimate strength factor, which varies with the joint and load type (see Table 5.2.2 Values for 
strength factors Qu) 

 𝑄𝑄f = chord load factor, 

  =  �1 + 𝐶𝐶1 �
1,6𝑃𝑃c
𝑃𝑃y

� − 𝐶𝐶2 �
1,6𝑀𝑀ipb

𝑀𝑀p
� − 𝐶𝐶3𝐴𝐴2� 

 𝐴𝐴 = ��1,6𝑃𝑃c
𝑃𝑃y

�
2

+ �1,6𝑀𝑀c
𝑀𝑀p

�
2
�
0,5

 

 𝑃𝑃c = nominal axial load in the chord 

 𝐺𝐺c = bending resultant in the chord 

  = �𝐺𝐺ipb
2 + 𝐺𝐺opb

2  

 𝑃𝑃y = yield axial capacity of the chord 

 𝐺𝐺p = plastic moment capacity of the chord 
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Table 5.2.1 Values for C1, C2 and C3 

Joint Type C1 C2 C3 

K-joints under brace axial loading 0,2 0,2 0,3 

T/Y-joints under brace axial loading 0,3 0 0,8 

X-joints under brace axial loading a    

𝛽𝛽 ≤ 0,9 0,2 0 0,5 

𝛽𝛽 = 1,0 -0,2 0 0,2 

All joints under brace moment loading 0,2 0 0,4 
a Linearly interpolated values between β = 0,9 and β = 1,0 for X-joints under 
brace axial loading. 

 

Table 5.2.2 Values for strength factors Qu 

Joint 
Classification 

Brace Load 

Axial Tension Axial Compression In-plane Bending Out-of-plane 
Bending 

K (16 + 1,2γ)β1.2𝑄𝑄g but ≤  40β1,2𝑄𝑄g  

(5 + 0,7γ)β1,2 2,5 + (4,5 + 0,2γ)β2,6 
T/Y 30β 

2,8 + (20 + 0,8γ)β1,6 
but ≤ 2,8 + 36β1,6 

X 
23β for β ≤ 0,9 

20, 7 + (β– 0,9)(17γ − 220) 
for β > 0,9 

[2,8 + (12 + 0,1γ)β]𝑄𝑄β 

𝑄𝑄β = geometric factor 

= 
0,3

β(1−0,833β) 

 
= 1,0 

 
for β > 0,6 

 
for β ≤ 0,6 

 

𝑄𝑄g = gap factor 
=1 + 0,2[1– 2,8𝑔𝑔/𝐷𝐷]3 

 
= 0,13 + 0,65φγ0,5 

 

 
for 𝑔𝑔/𝐷𝐷 ≥ 0.05 but 𝑄𝑄g ≥ 1,0 

 

for 𝑔𝑔
𝐷𝐷
≤ −0,05 

 
where, 

φ =  
tcσyb 
𝑡𝑡pσyc

 

σyb = yield stress of brace or brace stub if present 

(or 0,8 times the tensile strength, if less), in N/mm2 

 

2.3 Welds at connections 
 

2.3.1 Welds at the ends of tubular members are to be in accordance with Ch 6, 1.10 Other considerations 
1.10.1 and are to have a capacity greater than or equal to the lesser of: 
 

(a) strength of the cross brace member based on yield; and 
(b) strength of the chord based on basic capacity equations 𝑃𝑃a and 𝐺𝐺a as defined in Ch 5, 2.2 Strength 

assessment method 2.2.1. 

2.3.2 Fillet welds are to be sized such that the shear stress in the weld throat resulting from axial and bending 
stresses does not exceed 0,35σy. See also Ch 6, 1.10 Other considerations. 
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Section 3: Pump Tower Base Support 
 

3.1 Allowable deflections 
 

3.1.1 Adequacy of the double bottom local reinforcement structures under the PTBS is to be assessed based 
on the maximum thermal stresses and maximum combined stresses (sloshing + inertia + gravity) calculated by 
the designer using the local model in conjunction with hull girder bending, double bottom bending, local loads due 
to cargo pressure (and ballast pressure, if subjected to), etc. 
 

3.1.2 The reinforcement of the inner bottom immediately in way of the PTBS is to be sufficiently rigid to restrict 
lateral displacement of the PTBS to a low value at the primary and secondary membrane connections. This is in 
order to protect the membranes against higher deflections than can be tolerated by the containment system 
design. 
 

3.1.3 Maximum lateral displacement of the PTBS in way of the containment system under the worst loading 
case needs to be below allowable values specified by the designer. 
 

 

Section 4: Pump Tower interfacing structure 
 

4.1 Introduction 
 

4.1.1 This Section is applicable to all Pump Tower interfacing structure including the PTBP, PTBS and PTTS. 
 

4.2 Allowable stresses 
 

4.2.1 For all load cases, the maximum allowable membrane (i.e. plate element mid thickness) stresses in the 
Pump Tower interfacing structure under combined (thermal, sloshing, inertia, gravity) loads are: 

 

0,85σ
y
 for Von Mises stress 

 

0,75σ
y
 for direct stress 

0,35σ
y
 for shear stress 

1,40σ
y
 for surface stress, only applicable to localised high stress areas 

where, 

σ
y
 = yield stress or 0,2 per cent proof stress, in N/mm2; see Ch 5, 1.2 Allowable stresses for 

cylindrical members 1.2.4 
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4.2.2 If high stresses occur in the free edge or opening, axial stresses need to be calculated in these highly 
localised stressed areas at the worst loading condition. They may be obtained by modelling dummy rod elements 
along the free edge or opening of suitable extent covering the highly stressed elements. The dummy rod 
elements are such that they have a very small area, so they do not contribute to the section modulus of the plate 
(area of 1,0 x 10−12 mm2 is suggested for this purpose). 
 

4.2.3 If synthetic material, such as HD-PE, is used in the contact surfaces, the maker’s data sheet including 
detailed material properties is to be provided and used as limiting design criteria. This data should include friction 
coefficients and creep limit stresses at both ambient and cryogenic temperatures. Depending on service 
experience with the particular material, testing to confirm that the maker’s data is accurate may be required. 
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CHAPTER 6: Fatigue Assessment 
 

Section 1: Pump Tower joints 

Section 2: Pump Tower interfacing structure 

 

 

Section 1: Pump Tower joints 
 

1.1 Introduction 
 

1.1.1 Fatigue analysis of the joints is to be carried out according to the requirements of this Section. If not, 
detailed fatigue calculation methodology is to be presented to LR by the designer for review. Alternatively, a 
simplified fatigue calculation method using Weibull distributions with a shape parameter of 1,0 together with the 
worst maximum stress range during the specified design life, but not less than 20 years, may be applied in 
analysis for the Pump Tower main tripod and all interfacing structures. 
 

1.1.2 High cycle fatigue calculations are normally to be carried out for stresses calculated using FE analysis 
(see Ch 4 Structural Analysis). 
 

1.1.3 The fatigue damage from the vibration assessment (see Ch 7, 3 Vibration assessment) is to be added to 
the fatigue damage calculated in this Chapter. 
 

1.1.4 The low cycle thermal induced fatigue is to be included in the fatigue assessment due to loading and 
unloading. It should cover 50𝑁𝑁 full thermal cycles during the design life, where 𝑁𝑁, the design life in years as given 
in the design specifications, is not to be less than 20. Furthermore, if the total calculated cumulative fatigue 
damage ratio is near to the maximum allowable value and low cycle fatigue is a significant proportion of the total 
damage, the cumulative fatigue damage ratio should be reassessed by a method which appropriately combines 
the stresses due to low and high cycle fatigue loading. 
 

1.1.5 The contributing load cases and the proportions of each load case considered may need to be amended 
if more onerous conditions are dictated by the operational profile of the ship, e.g. if the ship is to be routinely 
operated with the tanks partially filled during loaded voyages. 
 

1.1.6 The methodology for the Pump Tower main tripod and all interfacing structures, including the PTBP, 
PTBS and PTTS, is to be consistent. 
 

1.2 Fatigue damage calculation 
 

1.2.1 The fatigue damage factor, 𝐷𝐷, is to be calculated using the linear damage summation rule. This may be 
expressed in integral form as follows: 
 

𝐷𝐷 = 𝑁𝑁′ �(𝑝𝑝(𝑆𝑆)/𝑁𝑁(𝑆𝑆)) 𝑑𝑑𝑆𝑆  

where, 

𝑁𝑁′ = required design life, translated into number of cycles, for the ship (see Ch 6, 1.3 Design 
parameters and acceptance criteria 1.3.3)
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𝑝𝑝(𝑆𝑆) = long-term probability density function (see Ch 6, 1.6 Stress history 1.6.1) 

𝑁𝑁(𝑆𝑆) = design S-N curve (see Ch 6, 1.7 Design S-N Curve 1.7.3) 

 

1.2.2 The total fatigue damage is the summation of the fatigue damage for all seagoing loading conditions. 
 

1.3 Design parameters and acceptance criteria 
 

1.3.1 Minimum requirements 
 

The fatigue assessment should be based on the design life, N, as given in the design specification, which is not 
to be less than 20 years. The associated damage factor, 𝐷𝐷, should be no more than 0,5 based on the IACS North 
Atlantic wave scatter diagram, see IACS Rec.34. 

 

1.3.2 Ship life profile 
 

If no special requirement from Owner / shipyard regarding ship life profile is specified, the following ship life 
profile is to be used to assess the fatigue strength of the Pump Tower main tripod, PTBP, PTBS and PTTS in 
order to reflect operation practice of modern LNG Carriers equipped with propulsion engines using LNG cargo as 
a fuel: 

(a) 10 per cent of the total ship’s life time in harbour; 
(b) 20 per cent of the total ship’s life time in 5%H fill height with equal probability of beam sea and head sea 

load cases; 
(c) 25 per cent of the total ship’s life time in 10%H fill height with equal probability of beam sea and head 

sea load cases; 
(d) 45 per cent of the total ship’s life time in 95%H fill height with equal probability of beam sea and head 

sea load cases. 

(Note: total ship’s lifetime = seagoing time + harbour time) 

Consideration will be given to less onerous ship life profile if agreed between Owner and Builder. 

For site specific operations, such as FLNG’s or FSRU’s, the ship/unit life profile will need to be specially 
considered. 

1.3.3 The utilisation factor, 𝑈𝑈f, is based on the ship life profile percentage as described in Ch 6, 1.3 Design 
parameters and acceptance criteria 1.3.2.  
 

As an example, the 𝑈𝑈f for a fill height of 95%H in beam seas is: 

𝑈𝑈f =
0,45

2 = 0,225 

The number of stress cycles in the design life, 𝑁𝑁′, may be calculated from: 

𝑁𝑁′ = 𝑁𝑁 31536000 𝑈𝑈f/𝑇𝑇 

 where,  

𝑇𝑇 is the zero up-crossing period, which may be taken as the ship’s natural period of roll. 
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1.3.4 Owner’s requirements 
 

A more onerous criterion may be necessary to meet the requirements of individual design specifications. In this 
case, the shape parameter, 𝑘𝑘, in Ch 6, 1.6 Stress history 1.6.1, may be determined based on acceptable design 
studies and the utilisation factor, 𝑈𝑈f, in Ch 6, 1.3 Design parameters and acceptance criteria 1.3.3, may be 
reassessed to reflect specific fatigue life or loading condition requirements. 

1.4 FE analysis 
 

1.4.1 The nominal stresses, σ
ax

, σ
ipb

 and σ
opb

, required as input to the calculation of the joint hot spot 

stresses (see Ch 6, 1.5 Stress ranges 1.5.1), are to be derived using the finite element model described in Ch 4 
Structural Analysis. The load cases to be considered are described in Ch 3, 2.3 Loading conditions. 
 

1.4.2 The load components are to be combined for the ballast and the full load cases. 
 

1.5 Stress ranges 
 

1.5.1 The fatigue analysis is to be based on the corrected hot spot stress range, 𝑆𝑆R, at the weld toe, taking 
into account both the axial and the bending stress components. The corrected hot spot stress range is to be 
obtained as the product of corresponding hot spot stress ranges, joint stress concentration factors (SCF) and 
correction factors for thickness and Young's modulus as follows: 
 

𝑆𝑆R = 𝐾𝐾T 𝐾𝐾m 𝑆𝑆hR + 𝑆𝑆v 

where, 

𝐾𝐾T = correction factor for thickness effect, see Ch 6, 1.8 Correction factor for thickness 1.8.1 

𝐾𝐾m = correction factor for Young's modulus, see Ch 6, 1.9 Correction factor for Young's modulus 
(E) 1.9.1 

𝑆𝑆hR = hot spot stress range. This is to be calculated as a combination of nominal axial and bending 
stress components σ

ax
, σ

ipb
, σ

opb
 derived from FE analysis and applying a stress 

concentration factor, 𝐾𝐾joint. 

𝑆𝑆hR is to be taken as two times the maximum dynamic stress value calculated from any of the 
shear force, bending moment and total force load cases studied for the required loading 
condition. 

In deriving the dynamic stress, the gravity and thermal loads are to be ignored. 

The dynamic stress range may be taken as the maximum difference between any two load 
cases studied for the required loading condition.  

As an example: when using Figure 3.5.2 Bending moment distributions, this would be load case 
2 minus load case 1. 

𝐾𝐾joint = SCF associated with the joint geometry 

𝑆𝑆v = vibration stress range. This only needs to be included if direct calculations of the Pump 
Tower vibration fatigue damage are required, see Ch 7, 3.1 General 3.1.7. 

 

1.5.2 For fatigue assessment of the weld toe, the appropriate value of 𝐾𝐾joint, the SCF associated with the joint 
geometry, is to be derived in accordance with the formulations given in Ch 9 Stress Concentration Factors for 
Simple Tubular Joints and the T’ Class (tubular) S-N curve defined in Ch 6, 1.7 Design S-N curve 1.7.3 is to be 
used.



Procedure for Analysis of Pump Tower and Interfacing Structure – February 2021 
 
Chapter 6 – Section 1 

Lloyd’s Register  37 
 

 

1.5.3 For fatigue assessment of the weld root, 𝐾𝐾joint is to be taken as 1,0 and the W Class S-N curve defined 
in Ch 6, 1.7 Design S-N curve 1.7.3 is to be used. Additional requirements for the weld root are given in Ch 6, 
1.10 Other considerations 1.10.1. 
 

1.5.4 The fatigue assessment is to be carried out at a minimum of four locations around the cross-brace to PT 
main column joints as shown in Figure 6.1.1 Fatigue locations to be considered. The assessment is also to be 
applied to any other locations which are considered to be critical. The hot spot stress ranges, 𝑆𝑆hR, are to be taken 
as follows:  
 

T: Top location  𝑆𝑆hR = 2 �𝐾𝐾joint ax σax + 𝐾𝐾joint ip σipb� 

B: Bottom location 𝑆𝑆hR = 2 �𝐾𝐾joint ax σax − 𝐾𝐾joint ip σipb� 

F: Forward location 𝑆𝑆hR = 2 �𝐾𝐾joint ax σax + 𝐾𝐾joint op σopb� 

A: Aft location  𝑆𝑆hR = 2 �𝐾𝐾joint ax σax − 𝐾𝐾joint op σopb� 

where, 

σax, σipb, σopb are stresses obtained from FE analysis for the loading cases described in Ch 3, 2.3 
Loading conditions 

𝐾𝐾joint ax, 𝐾𝐾joint ip and 𝐾𝐾joint op are the corresponding stress concentration factors 

 

 

 
Figure 6.1.1 Fatigue locations to be considered 
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1.6 Stress history 
 

1.6.1 The stress history to be applied takes the form of a two-parameter Weibull probability distribution, as 
follows: 

Probability density function of the stress range 𝑃𝑃(𝑆𝑆) = 𝑘𝑘
𝑎𝑎s
� 𝑆𝑆
𝑎𝑎s
�
k−1

𝑒𝑒𝑥𝑥𝑝𝑝 �−� 𝑆𝑆
𝑎𝑎s
�
k
� 

where, 

𝑘𝑘 = shape parameter of the Weibull distribution, to be taken as 1,0 

𝑎𝑎𝑠𝑠 = 𝑆𝑆𝑅𝑅
(𝑙𝑙𝑠𝑠𝑁𝑁𝑅𝑅)1 𝑘𝑘�

 is the scale parameter of the Weibull distribution, assuming a probability of 

occurrence of 1
𝑁𝑁𝑅𝑅

= 10−8 

𝑆𝑆𝑅𝑅 = maximum hot spot stress range, as defined in Ch 6, 1.5 Stress ranges 1.5.1 
 

1.7 Design S-N curve 
 

1.7.1 The basic design S-N curve to be used is the T’ Class (tubular), in air, as follows: 
 

Log10(𝑁𝑁) = Log10(𝐾𝐾2) −𝑚𝑚Log10(𝑆𝑆) 

 

1.7.2 This basic Design S-N curve, for which the details are given in Table 6.1.1 Details of basic design S-N 
curve, is applicable for: 
 

(a) Members with thickness less than the reference thickness, 𝑡𝑡ref, given in Table 6.1.1 Details of 
basic design S-N curve; 

(b) Normal ferritic steel material at ambient temperature with a Young’s modulus of elasticity (E) 
equal to 2,06 𝑥𝑥 105 N/mm2. 

1.7.3 For thicker sections or for stainless steel material, correction factors are normally applied to adjust the 
design S-N curve. However, in this procedure, these factors are already included in the stress range equation as 
described in Ch 6, 1.5 Stress ranges 1.5.1 and hence no further modification of the S-N curve is required (see Ch 
6, 1.5 Stress ranges, Ch 6, 1.8 Correction factor for thickness and Ch 6, 1.9 Correction factor for Young's 
modulus (E)). 
 

Table 6.1.1 Details of basic design S-N curve 

Class Environment Log10 (K2) m S0, N/mm2 N0, Cycles 𝒕𝒕𝐫𝐫𝐫𝐫𝐫𝐫 

T’ Air/LNG 
12,476 
16,127 

3 
5 

67 107 16 

W Air/LNG 
11,204 
14,007 

3 
5 

25,2 107 22 

 

where, 

𝑁𝑁0 = the no. of cycles at which the slope of the S-N curve changes from 𝑚𝑚 = 3 to 𝑚𝑚 = 5 

𝑆𝑆0 = the corresponding reference stress range 

𝐾𝐾2 = reflects two standard deviations below the mean line 

𝑡𝑡ref = the reference thickness of the S-N curve.
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1.8 Correction factor for thickness 
 

1.8.1 For members with thickness greater than 𝑡𝑡ref, it is necessary either to adjust the basic design S-N curve 
or to modify the stress range used in the fatigue calculation. In this procedure the second option is adopted (see 
Ch 6, 1.5 Stress ranges 1.5.1). The correction factor, 𝐾𝐾T, is defined as follows: 
 

𝐾𝐾T = 1, for 𝑡𝑡1 ≤ 𝑡𝑡ref 

𝐾𝐾T = � 𝑡𝑡1,

𝑡𝑡ref
�
0,3

, for 𝑡𝑡1 > 𝑡𝑡ref 

where, 

𝑡𝑡1 = the thickness of the thinner member, in mm 

𝑡𝑡ref = the reference thickness of the S-N curve (see Table 6.1.1 Details of basic design S-N curve). 

 

1.9 Correction factor for Young's modulus (E) 
 

1.9.1 For material other than that defined in Ch 6, 1.7 Design S-N curve 1.7.2, it is necessary either to adjust 
the basic design S-N curve or to modify the stress range used in the fatigue calculation. In this procedure the 
second option is adopted (see Ch 6, 1.5 Stress ranges 1.5.1). The correction factor, 𝐾𝐾m, is defined as follows: 
 

𝐾𝐾m =
2,06 𝑥𝑥 105

𝐸𝐸  

where, 

𝐸𝐸 = Young’s modulus of elasticity for the material under consideration, in N/mm2 

Hence for stainless steel 316L and 304L having Young's modulus, 𝐸𝐸 = 1,93 𝑥𝑥 105 N/mm2, 

𝐾𝐾m =
2,06 𝑥𝑥 105

1,93 𝑥𝑥 105 = 1,067 

 

1.10 Other considerations 
 

1.10.1 Weld type: 
 

(a) Full penetration welds: 

The use of full penetration welds is recommended for all tubular brace to chord connections.  

For full penetration welded joints, the most critical location for fatigue damage is the weld toe. 

If a full penetration weld fails to satisfy the agreed acceptance criterion, the pipe wall thickness is to be 
increased to reduce the nominal stress to an acceptable level. Account is to be taken of the thickness 
correction factor in this calculation. 

(b) Partial penetration and fillet welds: 

In load carrying partial penetration or fillet welded joints, where cracking could occur in the weld throat, 
fatigue calculations are to be performed to demonstrate that the allowable damage ratio is not exceeded 
at the weld root as well as the weld toe. 

In addition, the potential for root cracking is to be avoided by the use of appropriate weld processes and 
procedures, e.g. use of TIG welding for the root run.
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When checking the weld root, the relevant stress range is to be taken as the maximum range of shear 
stress induced in the weld material. In calculating this stress range, 𝐾𝐾joint is to be taken as 1,0, 𝐾𝐾T is as 
given in Ch 6, 1.8 Correction factor for thickness 1.8.1 using the relevant 𝑡𝑡ref and 𝐾𝐾mis as given in Ch 6, 
1.9 Correction factor for Young's modulus (E) 1.9.1. 

This shear stress range is to be used in combination with the W-curve parameters specified in Table 
6.1.1 Details of basic design S-N curve.  

If any of the welds fail to meet the acceptance criterion, the weld throat is to be increased and the 
calculation repeated. 

 

1.10.2 Effect of undercut is already included to a limited extent in the S-N curves. According to 
‘Recommendations for Fatigue Design of Welded Joints and Components’, 2nd Edition, 2016, IIW document IIW-
2259-15, the ratio of maximum allowable undercut to plate thickness, 𝑢𝑢/𝑡𝑡, for fillet welds is 0,05. If 𝑢𝑢/𝑡𝑡 is greater 
than 0,05 or the depth of the undercut is greater than 1,0 mm, the undercut is to be considered as a crack-like 
defect which should be removed using a procedure approved by Lloyd's Register. 
 

 

Section 2: Pump Tower interfacing structure 
 

2.1 Introduction 
 

2.1.1 This Section is applicable to all Pump Tower interfacing structure including the PTBP, PTBS and PTTS. 
 

2.2 FE modelling 
 

2.2.1 The results of the Pump Tower interfacing structure strength analysis are to be reviewed to identify 
which part(s) of the structure are susceptible to fatigue failure. The model is then to be refined to incorporate a 
mesh size of t x t, where t represents the plate thickness in way of location(s) found to be susceptible. 
 

2.3 Fatigue damage calculations 
 

2.3.1 This sub-Section applies to Pump Tower interfacing structure which is fabricated from welded plating. If 
the construction incorporates a strongly built wooden structure which is attached using bolts, such as the PTBS in 
the earlier GTT Mark III system, the methods by which fatigue strength is to be evaluated will be specially 
considered. 
 

2.3.2 The fatigue calculation required is similar to that described in Ch 6, 1 Pump Tower joints, using FE 
analysis results for the Pump Tower interfacing structure at the location being considered. The differences in the 
fatigue assessment approach and requirements from those described in Ch 6, 1 Pump Tower joints are given 
below: 
 

(a) For highly stressed free edge or opening areas identified by Ch 5, 4.2 Allowable stresses 4.2.2, fatigue 
assessments are to be carried out at these regions using a suitable design S-N curve, such as IIW 
FAT125. 

(b) The basic design S-N curve to be used for the assessment of fatigue damage at the weld toe is the D 
class in air. Parameters are given in Table 6.2.1 Details of basic design S-N curve. 
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Table 6.2.1 Details of basic design S-N curve 

Class Environment Log10(K2) m S0, N/mm2 N0, cycles 𝒕𝒕𝐫𝐫𝐫𝐫𝐫𝐫 

D Air/LNG 
12,182 
15,637 

3 
5 

53,4 107 22 

W Air/LNG 
11,204 
14,007 

3 
5 

25,2 107 22 

 

where, 

𝑁𝑁0 = the no. of cycles at which the slope of the S-N curve changes from 𝑚𝑚 = 3 to 𝑚𝑚 = 5 

𝑆𝑆0 = the corresponding reference stress range 

𝐾𝐾2 = reflects two standard deviations below the mean line 

𝑡𝑡ref = the reference thickness of the S-N curve. 

 

(a) The corrected hot spot stress range, 𝑆𝑆R, is given by: 
(i) For all Pump Tower interfacing structure excluding the PTBP: 

   𝑆𝑆R = 2 𝐾𝐾T 𝐾𝐾m σfem 

(ii) For the PTBP: 
   𝑆𝑆R = 𝐾𝐾T 𝐾𝐾m 𝜎𝜎fem 

  where, 

𝐾𝐾T = correction factor for thickness effect as given in Ch 6, 1.8 Correction factor 
for thickness 1.8.1 

𝐾𝐾m = correction factor for Young's modulus as given in Ch 6, 1.9 Correction 
factor for Young's modulus (E) 1.9.1 

σfem = principal stress within an arc described by lines ±45º to the line 
perpendicular to the anticipated crack. This stress is to be extracted from the 
t x t element adjacent to the location being considered. 

The treatment of any undercut is to be as described in Ch 6, 1.10 Other considerations 1.10.2.  

 

(b) Weld type: 

  (i) Full penetration welds: 

The use of full penetration welds is recommended for all connections in fatigue critical 
locations.  

For full penetration welded joints made from both sides, it is only necessary to assess 
the fatigue damage at the weld toe. 

The weld at the junction of PTBS / inner hull structure should be of concave profile as 
indicated on the drawing in order to reduce stress raisers and increase fatigue life. 
Furthermore, a backing plate at the joint of the PTBS with the inner hull is not 
recommended. This is because failure to fully melt the backing plate during welding 
may create a potential crack initiator. If a backing plate is used in the design for the 
installation of the PTBS, fatigue strength at the weld root needs to be assessed using 
IIW FAT36 S-N curve. Also, in order to minimise fatigue damage due to use of 
backing strip, tack weld stops / starts should be arranged to avoid the hard points 
being in proximity to the inner bottom stiffening arrangement.
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 (ii) Partial penetration welds, welds made from one side and fillet welds: 

 

The use of partial penetration welds, welds made from one side and fillet welds, is to 
be avoided in areas which are considered fatigue critical. 

However, if such welds are used, the potential for root cracking is to be eliminated and 
fatigue damage calculations are to be performed for both the toe and root locations to 
establish this. 

For fatigue calculation at the weld root, the relevant stress range is the maximum 
range of shear stress induced in the weld throat. 

This shear stress range is to be used in combination with the W-curve specified in 
Table 6.2.1 Details of basic design S-N curve. 

If any of the welds fail to comply with the acceptance criterion, the weld throat is to be 
increased and the calculation repeated. 
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CHAPTER 7: Vibration Check 
 

Section 1: Introduction 

Section 2: Modelling 

Section 3: Vibration Assessment 

Section 4: Re-Analysis 

 

 

Section 1: Introduction 
 

1.1 General 
 

1.1.1 Machinery and propellers may result in excitation of the Pump Tower. Excessive levels of vibration will 
result in fatigue cracks. The risk of fatigue damage may be indirectly assessed based on vibration normal mode 
analysis and/or forced vibration analysis. 
 

1.2 Normal mode analysis 
 

1.2.1 Normal mode analysis is to be carried out for the finite element model of the Pump Tower in two 
conditions: 
 

1.2.1.1 Dry, when the ship is in the ballast condition. This condition will give the upper limit of the natural 
frequency range of the structure. 
 

1.2.1.2 Wet, when the tank is filled to its maximum limit (95%H). This condition will produce the lower limit of the 
natural frequency range of the Pump Tower structure. 
 

1.2.2 For other filling levels between 0%H and 95%H, the natural frequency will be bounded by the above 
values. 
 

Section 2: Modelling 
 

2.1 General 
 

2.1.1 Generally, it is sufficient to assess the Pump Tower vibration characteristics without including the hull 
structure. If the vibration characteristics appear to be unfavourable, see Ch 7, 3.1 General 3.1.4, then a forced 
vibration analysis may be required.  
 

2.1.2 If only the model of the Pump Tower itself is used, the following boundary conditions need to be applied: 
 

(a) In way of guide assembly between the Pump Tower and the PTBS: 

Constrained in rotation about the vertical axis of the tower and in translation in the longitudinal and 
transverse directions. All other rotations and translations are free of constraint.
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(b) In way of the PTTS: 

The PTTS arrangements depend on the type of containment system fitted in the vessel. 

For containment systems without a large opening in way of the Pump Tower and in which the PTTS 
connects to the inner deck, such as the GTT NO96 type, the upper connections of the main vertical 
tubular columns to the inner and trunk decks may be represented by boundary conditions as follows: 

(i) Vertical, transverse and longitudinal translation constraints at the inner deck level.  

(ii) All rotations at the inner deck level, and all translations and rotations at the trunk deck level, 
are free of constraint.  

For containment systems having a large liquid dome opening in the trunk deck in way of the 
Pump Tower location, such as the GTT Mark III design, then: 

(iii) Plate and line elements are to be used to represent the hatch cover design at trunk deck 
level. It is not necessary to include the dome opening coaming. 

(iv) The hatch cover model is to be constrained in all translations and rotations at its boundaries. 

(v) The Pump Tower vertical members are to be connected to the hatch cover stiffening in all 
degrees of freedom. 

 

2.1.3 In the wet condition, the influence of the fluid external to the pipe structure is to be taken into account in 
the form of added mass to the pipes. These masses are to be calculated from the standard formulation for 
cylinders shown below and are applied as non-structural masses to the bar elements in the model. Fluid in the 
Pump Tower pipes is also to be included as non-structural masses. Fluid added mass per unit length for cylinders 
is given by: 
 

𝑚𝑚 = ρπ
𝑑𝑑2

4  

 
where, 

ρ = fluid density 

d = diameter of cylinder 
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Section 3: Vibration assessment 
 

3.1 General 
 

3.1.1 For steam turbine propulsion, only propeller blade frequency needs to be considered as engine vibration 
is not considered as a possible exciting source. For other forms of propulsion, in particular slow speed diesel 
engines, engine excitation frequencies as well as propeller blade frequencies are to be considered. 
 

3.1.2 For a stand-alone Pump Tower vibration analysis, based on a normal modes’ analysis (eigenvector 
analysis), it needs to be checked that predicted longitudinal and transverse mode natural frequency intersections 
with the propeller blade frequency and, if required, engine excitation frequency are outside the propeller RPM 
range between 90 per cent NCR and 110 per cent NCR. This RPM range includes a ±10 per cent NCR margin 
due to possible modelling and calculation tolerances. 
 

NCR = Normal Continuous Rating (for DFDE the Maximum Propulsive Power (MPP) is to be used instead of the 
NCR). 

This may be demonstrated by means of Campbell diagrams, see Figure 7.3.1 Example of a Campbell diagram.  

It should be noted that all Pump Tower vibration mode frequencies that might fall within the specified RPM range 
are to be considered. In general, the first longitudinal and transverse bending modes are to be considered. 

 

 
Figure 7.3.1 Example of a Campbell diagram 

 

3.1.3 If the Campbell diagram indicates that the Pump Tower natural frequencies are within the excitation 
frequencies of the propeller or slow speed diesel engines, a forced vibration analysis will be required.  
 

3.1.4 When a forced vibration analysis is required and vibration compensators or engine top bracings are 
used, the effectiveness of this equipment will need careful consideration and the remainder of the vibration 
excitation forces will need to be considered for the estimation of vibration levels. 
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3.1.5 For a forced vibration analysis, the vibration levels are to be checked within the RPM range as specified 
in Ch 7, 3.1 General 3.1.2.  
 

3.1.6 The maximum vibration velocity within the RPM range as specified in Ch 7, 3.1 General 3.1.2 is to 
remain below 30 mm/s. It is the designer’s responsibility to ensure that the Pump Tower has sufficient fatigue life. 
 

3.1.7 As an alternative, or if the maximum vibration velocity exceeds 30 mm/s, direct calculations for the 
assessment of the Pump Tower vibrations fatigue damage may be carried out. Proposals to use a methodology 
for the vibration assessment different from the prescriptive restriction in Ch 7, 3.1 General 3.1.6 are to be agreed 
with Lloyd’s Register beforehand. 
 

3.1.8 When a forced vibration analysis of the Pump Tower is required, it is advisable that the accuracy of 
modelling and calculated response is validated by measurement, either from previous similar cases or 
measurements carried out during sea trials. 
 

3.1.9 It may also be advisable to monitor hull structure vibrational measurements during sea trials if: 
 

• The main machinery, propulsive or stern arrangement varies from conventional practice or the 
Shipbuilder’s established experience. 

• Main engine vibration compensators are fitted. The sea trials can confirm correct installation and 
tuning of compensators. 
 

3.1.10 Proposals to use values for the excitation range of the vibration assessment different from the values 
specified in this document are to be agreed with the shipyard and Lloyd’s Register. 
 

3.1.11 Proposals to use other values for the modelling and calculation tolerances will need to be justified by the 
designer. This may be done through the use of measured full-scale results versus analytical results, but due 
allowance is still necessary in the margin to account for the uncertainties related to the source of the main 
exciting forces. 
 

 

Section 4: Re-analysis 
 

4.1 Re-analysis 
 

4.1.1 Further analyses will generally be required to check the effect of any proposed action on the natural 
frequencies of the Pump Tower. 
 

4.1.2 Attention is also to be given to the effect of any proposed action on results of the strength and fatigue 
analyses. In principle, the strength and fatigue checks should be re-evaluated with any modifications introduced 
as a consequence of the vibration check incorporated. 
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CHAPTER 8: References 
 

Section 1: References 

 

 

Section 1: References 
 

1.1 General 
 

1.1.1 Reference list: 
 

1. Lloyd's Register’s ShipRight SDA procedure for Sloshing Loads and Scantling Assessment 

2. API Recommended Practice 2A WSD: Planning, Designing, and Constructing Fixed Offshore Platforms 
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CHAPTER 9: Stress Concentration Factors for Simple Tubular Joints 
 

Section 1: Stress Concentration Factors for Simple Tubular Joints 

 

Section 1: Stress Concentration Factors for Simple Tubular Joints 
 

1.1 General 
 

1.1.1 Below is a reference to the ‘Stress Concentration Factors for Simple Tubular Joints’, OTH 354, Offshore 
Technology Report, prepared by Lloyd’s Register for the Health and Safety Executive, 1997. 
 

Please go to the web site: https://www.hse.gov.uk/research/othpdf/200-399/oth354.pdf to obtain a copy of the 
HSE document. 

https://www.hse.gov.uk/research/othpdf/200-399/oth354.pdf
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	5.1.3 As the bending moment distribution is calculated for every probe location and for all time steps, it is possible to extract the time step for the maximum and minimum bending moment value per probe location. By extracting the bending moment value...
	5.1.4 Per filling level, all bending moment distributions considered important should be used for the structural analysis. For the filling level example in Figure 3.5.2 Bending moment distributions, the time instances of the curves indicated by (1), (...
	5.1.5 In addition to the bending moment distributions, per filling level the maximum total load acting on the Pump Tower in the positive and negative directions should be included in the structural analysis.



	CHAPTER 4: Structural Analysis
	Section 1: Modelling
	1.1 General
	1.1.1 Two finite element (FE) models are required:
	1.1.2 The Pump Tower model is to include appropriate modelling at the top and bottom of the tower in all degrees of freedom to reflect the connection with the adjacent primary structure. Particular attention is to be given to ensuring that the correct...

	1.2 Pump Tower (PT) model
	1.2.1 For the Pump Tower itself, the minimum requirement is to model only the main tubular columns and cross-bracings. However, any additional pipes having a significant effect on the structural or vibrational response should be included in the model.
	1.2.2 In principle, a coarse mesh comprising one line element (bar element with axial shear and bending stiffness) between nodal joints is acceptable, e.g. for the main tubular column, one element between cross braces is acceptable.
	1.2.3 However, it should be noted that stress results are required at intermediate points between the cross brace joints. Hence, if the analysis code being used is not capable of providing stress results at a minimum of seven points along the length o...
	1.2.4 Property entries for the line elements are to include the cross-sectional area of the tube, the area moments of inertia and the torsional constant.
	1.2.5 For cross braces with sliding ends, the relevant degree of freedom is to be released to permit the sliding motion (for example, if the analysis code is MSC NASTRAN, this can be achieved using the pin flags option).
	1.2.6 The lower ends of the main tubular columns are connected to a base plate and, via a guide assembly, to the Pump Tower Base Support (PTBS) structure. This partially restricts the movement of the Pump Tower in the longitudinal and transverse direc...
	1.2.7 The line elements representing the tubular columns are to be connected to the base plate by suitable rigid elements (in MSC NASTRAN, RBE1 or RBE2 elements are suitable) (see Figure 4.1.1 Pump Tower Base Plate model and Figure 4.1.2 Pump Tower (P...
	1.2.8 For the temperature case it is necessary to ensure that the selected rigid element can represent the effects of thermal contraction (in MSC NASTRAN, the thermal expansion coefficient is entered into either the RBE1 or RBE2 definition and RIGID =...
	1.2.9 The Pump Tower Top Support (PTTS) is to be represented as given in Ch 4, 1.3 Pump Tower Top Support (PTTS).
	1.2.10 The connection to the Pump Tower Base Support (PTBS) is to be represented as given in Ch 4, 1.4 Connection between Pump Tower and Pump Tower Base Support.
	1.2.11 Other structural items, such as platforms and large equipment items, e.g. pumps and other accessories, are to be modelled as lump masses. Minor pipes, ladders, platforms, cableways, etc. may be incorporated into the model by adjusting the densi...
	1.2.12 The mass of the Pump Tower model and location of its centre of gravity are to be checked against the supplied information. Adjustments to the modelled mass density and lump masses are to be made until suitable correspondence is achieved.

	1.3 Pump Tower Top Support (PTTS)
	1.3.1 As indicated in Ch 1, 1.3 Applicability, the assessment of the double sleeve and insulation arrangements of the main tubular columns through the inner deck, provided to guard against thermal stresses, does not form part of these guidelines. Howe...
	1.3.2 The PTTS arrangements depend on the type of containment system fitted and the exact method of modelling them will depend on the proposed support arrangements. Typically, the following methods are recommended for the GTT Pump Tower Top Support Sy...

	1.4 Connection between Pump Tower and Pump Tower Base Support
	1.4.1 The Pump Tower is connected, via a guide assembly, to the PTBS structure, which partially restricts the transitional movement of the Pump Tower in the longitudinal and transverse directions and rotation around the vertical axis.
	1.4.2 The sliding connection provided by the guide assembly is to be represented by a suitable arrangement of gap or sliding elements in way of the interface between the Pump Tower Base Plate (PTBP) and the PTBS (see Figure 4.1.4 Arrangement of gap or...
	1.4.3 This applies whether the PTBS model is included in the PT analysis or the PTBS model is analysed separately. Normally, the guide assembly location on the Pump Tower base Plate should be constrained so as to prevent rotation of the Tower about it...

	1.5 Pump Tower Base Support (PTBS) model
	1.5.1 Plate and bar elements are to be used to represent the Pump Tower Base Support and the double bottom, including the local reinforcement structure in way of the PTBS. The double bottom model is to extend at least to the 1st transverse and 1st gir...
	1.5.2 The mesh size is to be such that openings in the PTBS and double bottom structure are reasonably well represented in the model and the deflection response of the PTBS is correctly predicted. The mesh size is not to exceed about 50 mm x 50 mm for...
	1.5.3 The Pump Tower connection is to be modelled as indicated in Ch 4, 1.4 Connection between Pump Tower and Pump Tower Base Support if included within the PT model. If the PTBS model is analysed separately, then the loads from the PT analysis are to...


	Section 2: Application of loads
	2.1 Hydrodynamic loads
	2.1.1 The hydrodynamic forces on the Pump Tower due to sloshing (,𝐹-fluid.), as determined from Ch 3, 3.1 General 3.1.3, are to be applied as pressure or distributed loads along the length of all line elements representing pipes exposed to the fluid ...

	2.2 Inertia loads
	2.2.1 The whole Pump Tower and any LNG contained within the pipes of the Pump Tower are to be subjected to inertial loading due to the longitudinal and transverse acceleration of the ship, (,𝐹-inertia.), as determined from Ch 3, 3.1 General 3.1.4. Th...

	2.3 Self-weight
	2.3.1 The self-weight of the Pump Tower and its associated equipment is to be included in the strength calculations assuming a gravity vector of 1,0g. The effects of buoyancy of pipes and weight of liquid in the pipes may be neglected when calculating...

	2.4 Thermal loads
	2.4.1 Thermal loading is applied by defining a suitable temperature distribution over the height of the Pump Tower model. The temperature distribution over the Pump Tower height is dependent on the filling level under consideration and the voyage dura...
	2.4.2 The following distribution is to be assumed:

	2.5 Damage condition loads
	2.5.1 For PTBS, maximum thermal loads based on USCG damage condition (primary barrier damaged condition) and maximum combined load (sloshing + inertia + gravity) need to be considered in thermo-mechanical assessment. The combined load should be based ...


	Section 3: Load cases
	3.1 General
	3.1.1 The outcome of Ch 3 Calculation of Fluid Forces is a collection of maximum and minimum bending moment and shear force curves for all applicable fill heights. The fluid sloshing hydrodynamic load cases to be applied to the Pump Tower are as follows:
	3.1.2 For LNG Carriers using the conventional filling restrictions, it is likely that the highest load acting on the lower part of the Pump Tower is due to the 10%H filling level and that the highest load acting on the upper part of the Pump Tower is ...
	3.1.3 The load cases are to comprise the following load components:
	3.1.4 When separate models of the Pump Tower and Pump Tower Base Support are used, the load cases should first be applied to the model of the Pump Tower. The interaction forces obtained from this analysis should then be applied to the separate model o...
	3.1.5 The load cases to be run for the fatigue analysis are given in Ch 3, 2 CFD analysis.

	3.2 Load scale factors
	3.2.1 The forces applied to the Pump Tower for the hydrodynamic load cases selected for the strength and fatigue assessments are to be multiplied with the load scale factors as listed in Table 4.3.1 Load scale factors. These factors have been derived ...



	CHAPTER 5: Strength Assessment
	Section 1: Pump Tower tubular columns and cross braces
	1.1 General
	1.1.1 The Pump Tower tubular columns and cross braces are to satisfy the following stress and buckling criteria. At least seven positions along each pipe length between cross brace joints are to be examined, namely 0,0,𝐿-p., 0,1,𝐿-p., 0,25,𝐿-p., 0,...
	1.1.2 For all load cases, the axial and bending stresses and their combinations at each position are to satisfy the assessment criteria given in Ch 5, 1.3 Stress assessment for cylindrical members.
	1.1.3 Cross braces which are completely or partially immersed in LNG and which are fluid tight are also to satisfy the requirements of Ch 5, 1.4 Hoop buckling stress check. These additional checks do not normally apply to the main vertical tubular mem...

	1.2 Allowable stresses for cylindrical members
	1.2.1 Allowable axial tensile stress, ,σ-t.:  ,σ-t.=,𝑓-a. 0,6, σ-y.
	1.2.2 Allowable axial compressive stress, ,σ-c.: ,σ-c.=,𝑓-a. ,,1−,(𝐾,𝐿-p./𝑟,)-2.-2,𝐶-c-2... ,σ-f.-,5-3.+,3(𝐾,𝐿-p./𝑟)-8,𝐶-c..−,(𝐾,𝐿-p./𝑟,)-3.-8,𝐶-c-3... for (𝐾,𝐿-p./𝑟)<,𝐶-c.
	1.2.3 Allowable bending stress, ,σ-b.:  ,σ-b.=,𝑓-a. 0,75, σ-y.  for ,,𝐷-𝑡.≤,10340-,σ-y...
	1.2.4 Allowable beam and torsional shear stresses, ,σ-ν.:  ,σ-v.=,𝑓-a. 0,4 ,σ-y.

	1.3 Stress assessment for cylindrical members
	1.3.1 For all positions along the length of each main tubular column and cross brace, the combined axial and bending utilisation factor is to satisfy the following:
	1.3.2 For all positions along the length of each main tubular column and cross brace, the shear stress and torsional shear stress are to satisfy the following:

	1.4 Hoop buckling stress check
	1.4.1 For cross braces which are fluid tight and are completely or partially immersed in the LNG fluid, a hoop buckling stress check is to be carried out. This is to assess the local buckling strength of the cross brace tubes when subject to hydrostat...
	1.4.2 Hoop buckling due to hydrostatic pressure only.
	1.4.3 Buckling stress due to combined dynamic, temperature and hydrostatic loads.


	Section 2: Pump Tower joints
	2.1 Introduction
	2.1.1 Figure 5.2.1 Details of a simple tubular joint shows a simple tubular joint. Such joints are classified as K, T, Y or X type according to the structural configuration. The capacity depends on joint type, geometric parameters and the axial and be...

	2.2 Strength assessment method
	2.2.1 The forces and moments in the braces at the joints are to satisfy the criteria given below:

	2.3 Welds at connections
	2.3.1 Welds at the ends of tubular members are to be in accordance with Ch 6, 1.10 Other considerations 1.10.1 and are to have a capacity greater than or equal to the lesser of:
	2.3.2 Fillet welds are to be sized such that the shear stress in the weld throat resulting from axial and bending stresses does not exceed 0,35,σ-y .. See also Ch 6, 1.10 Other considerations.


	Section 3: Pump Tower Base Support
	3.1 Allowable deflections
	3.1.1 Adequacy of the double bottom local reinforcement structures under the PTBS is to be assessed based on the maximum thermal stresses and maximum combined stresses (sloshing + inertia + gravity) calculated by the designer using the local model in ...
	3.1.2 The reinforcement of the inner bottom immediately in way of the PTBS is to be sufficiently rigid to restrict lateral displacement of the PTBS to a low value at the primary and secondary membrane connections. This is in order to protect the membr...
	3.1.3 Maximum lateral displacement of the PTBS in way of the containment system under the worst loading case needs to be below allowable values specified by the designer.


	Section 4: Pump Tower interfacing structure
	4.1 Introduction
	4.1.1 This Section is applicable to all Pump Tower interfacing structure including the PTBP, PTBS and PTTS.

	4.2 Allowable stresses
	4.2.1 For all load cases, the maximum allowable membrane (i.e. plate element mid thickness) stresses in the Pump Tower interfacing structure under combined (thermal, sloshing, inertia, gravity) loads are:
	4.2.2 If high stresses occur in the free edge or opening, axial stresses need to be calculated in these highly localised stressed areas at the worst loading condition. They may be obtained by modelling dummy rod elements along the free edge or opening...
	4.2.3 If synthetic material, such as HD-PE, is used in the contact surfaces, the maker’s data sheet including detailed material properties is to be provided and used as limiting design criteria. This data should include friction coefficients and creep...



	CHAPTER 6: Fatigue Assessment
	Section 1: Pump Tower joints
	1.1 Introduction
	1.1.1 Fatigue analysis of the joints is to be carried out according to the requirements of this Section. If not, detailed fatigue calculation methodology is to be presented to LR by the designer for review. Alternatively, a simplified fatigue calculat...
	1.1.2 High cycle fatigue calculations are normally to be carried out for stresses calculated using FE analysis (see Ch 4 Structural Analysis ).
	1.1.3 The fatigue damage from the vibration assessment (see Ch 7, 3 Vibration assessment ) is to be added to the fatigue damage calculated in this Chapter.
	1.1.4 The low cycle thermal induced fatigue is to be included in the fatigue assessment due to loading and unloading. It should cover 50𝑁 full thermal cycles during the design life, where 𝑁, the design life in years as given in the design specificat...
	1.1.5 The contributing load cases and the proportions of each load case considered may need to be amended if more onerous conditions are dictated by the operational profile of the ship, e.g. if the ship is to be routinely operated with the tanks parti...
	1.1.6 The methodology for the Pump Tower main tripod and all interfacing structures, including the PTBP, PTBS and PTTS, is to be consistent.

	1.2 Fatigue damage calculation
	1.2.1 The fatigue damage factor, 𝐷, is to be calculated using the linear damage summation rule. This may be expressed in integral form as follows:
	1.2.2 The total fatigue damage is the summation of the fatigue damage for all seagoing loading conditions.

	1.3 Design parameters and acceptance criteria
	1.3.1 Minimum requirements
	1.3.2 Ship life profile
	1.3.3 The utilisation factor, ,𝑈-f., is based on the ship life profile percentage as described in Ch 6, 1.3 Design parameters and acceptance criteria 1.3.2.
	1.3.4 Owner’s requirements

	1.4 FE analysis
	1.4.1 The nominal stresses, ,σ-ax., ,σ-ipb. and ,σ-opb., required as input to the calculation of the joint hot spot stresses (see Ch 6, 1.5 Stress ranges 1.5.1), are to be derived using the finite element model described in Ch 4 Structural Analysis . ...
	1.4.2 The load components are to be combined for the ballast and the full load cases.

	1.5 Stress ranges
	1.5.1 The fatigue analysis is to be based on the corrected hot spot stress range, ,𝑆-R., at the weld toe, taking into account both the axial and the bending stress components. The corrected hot spot stress range is to be obtained as the product of co...
	1.5.2 For fatigue assessment of the weld toe, the appropriate value of ,𝐾-joint., the SCF associated with the joint geometry, is to be derived in accordance with the formulations given in Ch 9 Stress Concentration Factors for Simple Tubular Joints an...
	1.5.3 For fatigue assessment of the weld root, ,𝐾-joint. is to be taken as 1,0 and the W Class S-N curve defined in Ch 6, 1.7 Design S-N curve 1.7.3 is to be used. Additional requirements for the weld root are given in Ch 6, 1.10 Other considerations...
	1.5.4 The fatigue assessment is to be carried out at a minimum of four locations around the cross-brace to PT main column joints as shown in Figure 6.1.1 Fatigue locations to be considered . The assessment is also to be applied to any other locations ...

	1.6 Stress history
	1.6.1 The stress history to be applied takes the form of a two-parameter Weibull probability distribution, as follows:

	1.7 Design S-N curve
	1.7.1 The basic design S-N curve to be used is the T’ Class (tubular), in air, as follows:
	1.7.2 This basic Design S-N curve, for which the details are given in Table 6.1.1 Details of basic design S-N curve, is applicable for:
	1.7.3 For thicker sections or for stainless steel material, correction factors are normally applied to adjust the design S-N curve. However, in this procedure, these factors are already included in the stress range equation as described in Ch 6, 1.5 S...

	1.8 Correction factor for thickness
	1.8.1 For members with thickness greater than ,𝑡-ref., it is necessary either to adjust the basic design S-N curve or to modify the stress range used in the fatigue calculation. In this procedure the second option is adopted (see Ch 6, 1.5 Stress ran...

	1.9 Correction factor for Young's modulus (E)
	1.9.1 For material other than that defined in Ch 6, 1.7 Design S-N curve 1.7.2, it is necessary either to adjust the basic design S-N curve or to modify the stress range used in the fatigue calculation. In this procedure the second option is adopted (...

	1.10 Other considerations
	1.10.1 Weld type:
	1.10.2 Effect of undercut is already included to a limited extent in the S-N curves. According to ‘Recommendations for Fatigue Design of Welded Joints and Components’, 2nd Edition, 2016, IIW document IIW-2259-15, the ratio of maximum allowable undercu...


	Section 2: Pump Tower interfacing structure
	2.1 Introduction
	2.1.1 This Section is applicable to all Pump Tower interfacing structure including the PTBP, PTBS and PTTS.

	2.2 FE modelling
	2.2.1 The results of the Pump Tower interfacing structure strength analysis are to be reviewed to identify which part(s) of the structure are susceptible to fatigue failure. The model is then to be refined to incorporate a mesh size of t x t, where t ...

	2.3 Fatigue damage calculations
	2.3.1 This sub-Section applies to Pump Tower interfacing structure which is fabricated from welded plating. If the construction incorporates a strongly built wooden structure which is attached using bolts, such as the PTBS in the earlier GTT Mark III ...
	2.3.2 The fatigue calculation required is similar to that described in Ch 6, 1 Pump Tower joints, using FE analysis results for the Pump Tower interfacing structure at the location being considered. The differences in the fatigue assessment approach a...



	CHAPTER 7: Vibration Check
	Section 1: Introduction
	1.1 General
	1.1.1 Machinery and propellers may result in excitation of the Pump Tower. Excessive levels of vibration will result in fatigue cracks. The risk of fatigue damage may be indirectly assessed based on vibration normal mode analysis and/or forced vibrati...

	1.2 Normal mode analysis
	1.2.1 Normal mode analysis is to be carried out for the finite element model of the Pump Tower in two conditions:
	1.2.1.1 Dry, when the ship is in the ballast condition. This condition will give the upper limit of the natural frequency range of the structure.
	1.2.1.2 Wet, when the tank is filled to its maximum limit (95%H). This condition will produce the lower limit of the natural frequency range of the Pump Tower structure.

	1.2.2 For other filling levels between 0%H and 95%H, the natural frequency will be bounded by the above values.


	Section 2: Modelling
	2.1 General
	2.1.1 Generally, it is sufficient to assess the Pump Tower vibration characteristics without including the hull structure. If the vibration characteristics appear to be unfavourable, see Ch 7, 3.1 General 3.1.4, then a forced vibration analysis may be...
	2.1.2 If only the model of the Pump Tower itself is used, the following boundary conditions need to be applied:
	2.1.3 In the wet condition, the influence of the fluid external to the pipe structure is to be taken into account in the form of added mass to the pipes. These masses are to be calculated from the standard formulation for cylinders shown below and are...


	Section 3: Vibration assessment
	3.1 General
	3.1.1 For steam turbine propulsion, only propeller blade frequency needs to be considered as engine vibration is not considered as a possible exciting source. For other forms of propulsion, in particular slow speed diesel engines, engine excitation fr...
	3.1.2 For a stand-alone Pump Tower vibration analysis, based on a normal modes’ analysis (eigenvector analysis), it needs to be checked that predicted longitudinal and transverse mode natural frequency intersections with the propeller blade frequency ...
	3.1.3 If the Campbell diagram indicates that the Pump Tower natural frequencies are within the excitation frequencies of the propeller or slow speed diesel engines, a forced vibration analysis will be required.
	3.1.4 When a forced vibration analysis is required and vibration compensators or engine top bracings are used, the effectiveness of this equipment will need careful consideration and the remainder of the vibration excitation forces will need to be con...
	3.1.5 For a forced vibration analysis, the vibration levels are to be checked within the RPM range as specified in Ch 7, 3.1 General 3.1.2.
	3.1.6 The maximum vibration velocity within the RPM range as specified in Ch 7, 3.1 General 3.1.2 is to remain below 30 mm/s. It is the designer’s responsibility to ensure that the Pump Tower has sufficient fatigue life.
	3.1.7 As an alternative, or if the maximum vibration velocity exceeds 30 mm/s, direct calculations for the assessment of the Pump Tower vibrations fatigue damage may be carried out. Proposals to use a methodology for the vibration assessment different...
	3.1.8 When a forced vibration analysis of the Pump Tower is required, it is advisable that the accuracy of modelling and calculated response is validated by measurement, either from previous similar cases or measurements carried out during sea trials.
	3.1.9 It may also be advisable to monitor hull structure vibrational measurements during sea trials if:
	3.1.10 Proposals to use values for the excitation range of the vibration assessment different from the values specified in this document are to be agreed with the shipyard and Lloyd’s Register.
	3.1.11 Proposals to use other values for the modelling and calculation tolerances will need to be justified by the designer. This may be done through the use of measured full-scale results versus analytical results, but due allowance is still necessar...


	Section 4: Re-analysis
	4.1 Re-analysis
	4.1.1 Further analyses will generally be required to check the effect of any proposed action on the natural frequencies of the Pump Tower.
	4.1.2 Attention is also to be given to the effect of any proposed action on results of the strength and fatigue analyses. In principle, the strength and fatigue checks should be re-evaluated with any modifications introduced as a consequence of the vi...



	CHAPTER 8: References
	Section 1: References
	1.1 General
	1.1.1 Reference list:



	CHAPTER 9: Stress Concentration Factors for Simple Tubular Joints
	Section 1: Stress Concentration Factors for Simple Tubular Joints
	1.1 General
	1.1.1 Below is a reference to the ‘Stress Concentration Factors for Simple Tubular Joints’, OTH 354, Offshore Technology Report, prepared by Lloyd’s Register for the Health and Safety Executive, 1997.





