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Abstract 
 
Deck plates of ships or offshore structures would make out-of-plane distortion for their thin thickness. These 

distortions are usually straightened by thermal straightening such as flame heating method. After thermal straight-
ening, the blocks are lifted and moved by cranes to assemble it at dry-dock stage. After this lifting process, out-of-
plane deformation again happens frequently. And then, they continuously cause quality and accuracy problems in 
the final dry-dock process. So, it takes more time for repair and correction working. According to preceding re-
search, the lifting process by cranes would offset the effect on thermal straightening. The target of this study is to 
develop a methodology analyzing the remaining efficiency of thermal straightening after block lifting. The devel-
opment was based on the assumption of yield state at straightening region. Therefore the remaining efficiency was 
obtained by different stiffness slope while lifting & relieving. The efficiency formula was designed using inherent 
strain, and we made a table of zero-efficiency by cooling speed and class rule's steels. As a result, if the stress 
orthogonal to straightened line is calculated during lifting analysis by FEA, the efficiency can be obtained linearly 
to the values in the table. Finally, even optimized carling position can be designed by considering the regional 
data from series project and welding region on deck. 
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1. Introduction  

As an erection stage of offshore structure construction costs much more than an assembly stage, quality prob-

lems that can postpone the schedule would influence productivity. Nevertheless, quality problems occur very 

widely and are mostly unpredictable. The out-of-plane deformations of deck are continuous and common among 

quality problems.  

Based on the shapes of deformation, they can be classified as two types. One is (Fig. 1(a)) one-directional out-

of-plane deformation and the other (Fig. 1(b)) is jagged out-of-plane deformation. The latter is caused by low 

torsional rigidity, while the former is a common welding deformation. In general, these two kinds of out-of-

plane deformations will occur at the same time, of which out-of-plane deformation due to welding will be cor-

rected before or after welding because this phenomenon can be estimated deterministic manner with sufficient 

accuracy. (Shin & Lee, 2013) 
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(a) One-directional out-of-plane deformation 

 

 

 
(b) Jagged out-of-plane deformation 

 

Fig. 1. Two kinds of out-of-plane deformation modes 

 

By the way, out-of-plane deformation can be classified into two groups by managing. One group is from 

welding at assembly stage, and it can be managed by check sheet (Fig. 2(b)). The other is from welding at erec-

tion stages, and cannot be managed by check sheet. The former is controlled by thermal straightening within 

stricter tolerance than the latter. Then, we can expect that new additional distortion is only from welding at erec-

tion stages, but actually it is not right. In many case, controlled out-of-plane deformation is reoccurred. So in 

order to analyze this cause, many studies were carried out by measuring out-of-plane deformation at each stage. 

(Jang et al. 2002) 

 

   
(a) Measuring out-of-plane deformation 

 

 

 
(b) Check sheet (per block) 

 

Fig. 2. Deformation control by measuring & checking  
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This study is about finding possibility of reduction in effect on thermal straightening when block is transferred 

by lifting crane between an assembly stage and an erection stage. For this study, we used stress-strain relation 

curve during cooling at heated region based on inherent strain method. The stress for analysis can be obtained 

through lifting analysis using the lung arrangement drawing. If we can expect where the effect of straightening 

reduces, then the restorable distortion can be controlled permanently and economically by designing stiffeners.  

2. Stress-strain Diagram in Thermal Straightening Position 

Generally, deck plates do not support large structural load unlike other part. Therefore they are designed 

very thin. This tendency appears well at outfitting part with high structural loads such as engine room block. 

So, out-of-plane deformations are easily occurred and are classified into two cases as mentioned in the in-

troduction. These distortions are corrected by using heating, and this work is called by thermal straightening 

or fairing. Thermal straightening can be used for two kinds of out-of-plane deformation modes (Fig. 3). For 

jagged out-of-plane deformation, in-plane thermal straightening is used after pre-erection stage (including 

dry-dock stage). And for one-directional out-of-plane deformation, heating along a line on the opposite side 

of weld line is used. The latter is mainly carried out at the assembly stage and this study will deal this type. 

The deck blocks have fillet-welded stiffeners at longitudinal and transversal direction with appropriate size 

of leg length. The line thermal straightening is used for making deformation on the opposite side of weld-

ment that will give the same deformation by shrinkage of deck plate. Fig. 4 is the section plane having 

shrinkage due to thermal straightening, and Fig. 5 is stress-strain diagram in this case (Kim et al. 2006). If 

there is not a restraint around the HAZ (Heat Affect Zone), thermal shrinkage (during cooling) is occurred 

continuously owing to thermal strain (including phase strain (Fig. 5)). However, actual additional shrinkage 

(Total strain in Fig. 5) has a limited increase after yield stress state. The reason for this state is governed by 

plastic coefficient. (Ha et al. 2007) The yield stress and elastic modulus are nearly zero at heated region 

(HAZ) due to high temperature. So, Point A would go left from the origin point right after straightening, and 

heated region is cooled until room temperature by thermal strain. Then the dotted Y axis will be new stress 

axis in Fig. 5, but large portion of thermal strain will change to plastic strain because of adjacent rigidity 

(Fig. 5). 

 

(a) Heating between locations of frames 

 

(b) Heating at the opposite sites of frames 

 

Fig. 3. Types of thermal straightening 
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(a) Welding deformation 

 

  
(b) Correction by heating 

 

Fig. 4. Principle of thermal straightening 
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E = tangent modulus of the level lower than the yielding point 

Et = tangent modulus of the level higher than the yielding point 

ε = total strain, ε* = inherent strain, σY = yield stress 

 

Fig. 5. Stress-Strain curve of heated region within structure 

 

As shown in Fig. 5, the inherent strain (Eq. (1), Ueda et al. 1994) is the total strain when the adjacent rigid-

ity vanishes. When the elastic weld-shrinkage analysis based on inherent strain method is carried out, the 

equivalent stiffness of adjacent structure (in Fig. 5) is reflected by FE Model, so the deformation result in 

analysis is automatically based on total strain. 

 

 

         (1) 
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3. The Tensile Load in Thermal Straightening Part 

From the solid lines in Fig. 5, we can understand that point A (thermal straightened region) would go elas-

tic region under compressive state and would go plastic region under tensile state. Fig. 6 shows that the ten-

sile load is removed. Point B cannot go back to point A, but to point C while unloading. This mechanism is 

same in roll forming due to correction deformation (Han et al. 2007) after welding in T-bar longitudinal 

stiffeners. The effect of straightening is the distance between point A and stress axis. As the tangential mod-

ulus is very small, the distance between point C and stress axis would be smaller than it between point A 

and the axis. It means that heated region with experienced tensile state during loading and unloading can 

lose the original effect of distortion correction. Assuming that the hardening coefficient is constant, a tensile 

stress which vanishes straightening effect can be calculated by Eq. (2).  
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Fig. 6. Thermal straightening effect after loading/unloading 
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H = hardening coefficient (N/m2) 

 

This process can occur when block lifting. The stresses in the deck during block lifting are obtained by us-

ing structural FE. Using tensile stress result, we developed Eq. (3) (final strain of thermal straightening), Eq. 

(4) (remaining efficiency of thermal straightening).  
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4. Limit Yield Stress for Various Steel Grades 

Using Eq. (2), we can calculate critical stress for which efficiency in thermal straightening is zero accord-

ing to cooling rate. Table 1 shows an example of calculated critical stress high strength steel by using Mill 

Certification of steel. Despite same steel, HAZ has a different property according to steel making process. 

So, the steel is distinguished to normalized (N) and TMCP (Thermo Mechanical Control Process) steel (TM). 

After yield stress point, tangential modulus (Eq. (5)) is calculated by using Mill Certification. And, inherent 

strain is calculated from advanced study (Ha et. al. 2008). 

 

EL

YLTS
ET

-
=

                              (5) 

TS : Tensile Strength [N/m2] 

YL : Yield Strength [N/m2] 

EL :Elongation [-] 

 

 Table 1. Critical stress 

 CR=20 CR=100 

AH 

32 
N 3.55 3.60 

TM 2.54 2.56 

36 
N 5.10 5.20 

TM 2.12 2.14 

DH 

32 
N 3.55 3.61 

TM 2.46 2.49 

36 
N 5.10 5.20 

TM 2.12 2.14 

EH 

32 
N 3.55 3.61 

TM 2.46 2.49 

36 
N 4.90 5.00 

TM 2.12 2.14 

FH 

32 
N 4.08 4.13 

TM 3.00 3.03 

36 
N 5.15 5.21 

TM 2.29 2.31 

(Heating rate = 75˚C/s, Max. Temp. = 1,061˚C, Heated depth = 8.7mm, CR → Cooling rate (˚C/s)) 

5. Sample Analysis to Determine Remained Efficiency in Correction 

Fig. 7 shows the stress results of lifting analysis at a deck block. Fig. 7 (a) shows the result of σ11, the ef-

fect of efficiency in thermal straightening to control deformation in transverse frame and the σ22 in Fig. 7 

(b) shows the effect in longitudinal stiffeners. The dot lines represent the line heating position. The brightest 

area means zero efficiency and straightening efficiency is guaranteed in dark areas for its compressive state 

during lifting. It is generally known that jagged out-of-plane deformation is frequently occurred at the 

neighborhood of lugs, erection seams and holes. This analysis results are coincident with the experiential 

facts as well. 
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(a) The result of σ11 

 

 
(b) The result of σ22 

 

Fig. 7. Stress results from a lifting analysis 

6. Measure of Control  

If the effect of thermal straightening is lost, deformation reoccurs and other effective control methods 

should be considered. Increased thermal straightening can be a method, but is not realistic because control of 

heating is very hard. Moreover, additional thermal straightening brings about unexpected deformation like 

thermal buckling due to over shrinkage. Thick plates are not welcomed to designers for weight control of 

offshore structures. The most common method is to add carlings between stiffeners, but if carlings are pro-

vided for all low remained efficiency locations, then there should be a lot of numbers of them.  

So in order to reduce the number of carling, we can just add carlings at the common region from both low 

efficiency from suggested method and measured high at fore series structures (Fig. 8). Furthermore, we can 

still reduce the number of carlings by survey of erection welding position of next stages. During stiffener 

welding, one-directional out-of-plane deformation pattern as shown in Fig. 1(a) occurred. These defor-

mations will be recovered during the opposite side welding line. Fig. 8 shows the Van diagram for policy of 

minimizing carlings. 

7. Conclusions 

In this study, we developed how to obtain the remaining efficiency of thermal straightening after lifting 

process of offshore structure blocks. The main cause of lessening efficiency is the slope difference between 

elastic and plastic state. 

We showed an example of the limit stress that makes the remaining efficiency to be zero according to cool-

ing speed, and suggested a methodology about effective design method for carling. 
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Fig. 8. Schematic method for optimized carling area 

 

 

In Fig. 9 shows an example of final recommended points of stiffeners in E/R (Engine Room) deck during 

design by suggested method. 

 

 
Fig. 9. Final recommended points of carling 
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