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Abstract 

As a sequel to another paper of the authors on welding-induced initial deformations 

[1], this paper aims to obtain a direct measurement database of welding-induced 

residual stresses in a full-scale steel stiffened plate structure and also to study the 

applicability of computational models to predict them. A full-scale steel stiffened 

plate structure in association with plate panels in bottom structures of an as-built 

containership carrying 1,900 TEU was fabricated using exactly the same welding 

technology as used in today’s shipbuilding industry. The X-ray diffraction method 

was employed to measure the residual stress distributions in the plating. In addition to 

simple formula estimations, computational models using the three-dimensional 

thermo-elastic-plastic finite element method were applied to predict the residual stress 

distributions. A comparison between full-scale measurements, numerical predictions 

and simple formula estimations was made. Details of the full-scale measurements are 

documented as they can be useful to validate the computational models formulated by 

other researchers.   
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1. Introduction  

Stiffened panels are used in naval, mechanical and civil engineering structures as 

primary strength parts of ships, ship-shaped offshore installations and bridges which 

should sustain external forces with tolerance arising from operational and 

environmental conditions, as shown in Figure 1. Support members (longitudinal 

stiffeners and transverse frames) are attached to plating by fillet welding, and pieces 

of plate sheets are connected by butt welding. Stresses occurred in the process of 

heating and cooling of welding do not disappear even after fabrication is completed, 

where tensile residual stress block develops around weld line (heat-affected zone) and 
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compressive residual stress block appears in the remaining part of plating so as to 

keep an equilibrium condition between tensile and compressive stresses, as shown in 

Figure 2 [2]. It is important to realize that welding-induced residual stresses develop 

in both the length and breadth directions of plating as welding is applied to attach 

both longitudinal stiffeners and transverse frames, as shown in Figure 3 [3].   

Welding-induced residual stresses affect buckling and ultimate strength of plate 

panels which is primary strength criteria for structural analysis and design. 

Thin-plated structures (e.g., accommodation structures and deck houses of ships or 

offshore platforms) sometimes buckle with significant distortions during fabrication 

which require costly fairing works. This is often recognized as thermal plate buckling 

phenomenon and it can be prevented or controlled if the welding-induced residual 

stresses can be predicted quickly and accurately [4].  
 

 

Figure 1. The stiffened plate structure [3]. 

 

 

Figure 2. Tensile (+) and compressive (-) residual stresses in a butt welded plate and a 

fillet-welded panel [3]. 
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Figure 3. Idealized pattern of welding-induced residual stresses in both the plate 

length ( x ) and breadth ( y ) directions [3].  

 

During past several decades, the importance of characterizing welding-induced 

residual stresses in plate panels has been well recognized, and a large number of 

studies in numerical predictions and direct measurements are available in the 

literature. Studies of numerical predictions on welding-induced residual stresses of 

steel- and aluminum-plated structures include Masubuchi [5], Smith et al. [6], Paik 

and Pedersen [7], Ueda [2], Paik et al. [8-11], Paik [12-15], Vhanmane and 

Bhattacharya [16], Luís et al. [17], Bruno et al. [18], Khan and Zhang [19], Eggert et 

al. [20], Gannon et al. [21-23], Khedmati et al. [24], Teresa and Craig [25], 

Iranmanesh et al. [26], Farajkhah et al. [27], Fu et al. [28], Lillemäe et al. [29] and 

Chen et al. [30]. Studies of direct measurements include Masubuchi [5], Matsui [31], 

Smith et al. [6], Cheng et al. [32], Ueda [2], and Kenno et al. [33, 34].  

Despite that the importance of direct measurements has been realized, the 

databases of direct measurements are still lacking in the literature, and moreover most 

of them have been obtained on small-scale structure models which cannot be directly 

related to full-scale structures because adequate scaling laws are unavailable. It is 

therefore needed to develop measurement database of welding-induced residual 

stresses on full-scale stiffened plate structures which can minimize unwanted 

uncertainties due to scale effects.      

The aim of the present paper is to contribute to developing measurement data of 

welding-induced residual stresses in both the plate length and breadth directions of a 

full-scale steel stiffened plate structure. This paper is associated with a series of 

full-scale physical tests on the ultimate strength under lateral patch loading in fires 

without passive fire protection in transverse frames [35], under lateral patch loading 

in fires with passive fire protection in transverse frames [36], under cyclic 

axial-compressive loading [37], at cryogenic condition with a temperature of -160
o
C 
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[38], and at a temperature of -80
o
C [39]. The data of direct measurements for 

welding-induced initial deformations in the same test structure was also obtained and 

reported in a separate paper [1].  

Computational models for predicting welding-induced residual stresses in the test 

structure were developed using three-dimensional thermo-elastic-plastic finite 

element method, and simple formulations were also used to estimate them. A 

comparison between direct measurements, numerical predictions and simple formula 

estimations was made. Details of direct measurements are documented in a tabulated 

form, which will be useful to validate computational models developed by other 

researchers.  
 

2. Design and fabrication of a full-scale steel stiffened plate structure 

Bottom plate panels of an as-built containership carrying 1,900 TEU were selected for 

the present study as shown in Figure 4. Dimensions of the structure are presented in 

Figure 5. With the nomenclature of structural scantlings shown in Figure 6, Table 1 

lists its dimensions in detail.  

The material is high tensile steel with grade AH32. After material procurement, 

tensile coupon test specimens were extracted from the steel sheet as per ASTM E8 

specifications [40], as shown in Figure 7(a). The tensile coupon testing was continued 

until it was separated into two pieces as shown in Figure 7(b). Three specimens were 

tested, realizing almost identical results of the engineering stress-engineering strain 

curve as shown in Figure 8. Table 2 summarizes the mechanical properties of the 

material AH32 obtained from the tensile coupon tests.    
 

  
Figure 4. Stiffened panels in bottom structures of an as-built 1,900 TEU 

containership. 
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Figure 5. Dimensions of the tested structure.  

 

(a)  (b)  

Figure 6. Nomenclature of dimensions for (a) the longitudinal stiffeners and (b) the 

transverse frames.  

 

Table 1. Dimensions of the tested structure. 

Plate (mm) Support member (mm) 

a  b  t  Type wh  wt   fb   
ft   

3,150 720 10 

Longitudinal 
stiffener 

Center 290 10 90 10 

Side 290 20 90 10 

Transverse 
frame 

- 665 10 150 10 

Note: a  = plate length (spacing between transverse frames), b  = plate breadth 

(spacing between longitudinal stiffeners), t  = plate thickness, wh  = height of web, 

wt  = thickness of web, fb  = breadth of flange, and ft  = thickness of flange. 

 

 

 

a

hwy twy

tfy

bfy

tp

b

hwx twx

tfx

bfx

tp

a

hwy twy

tfy

bfy

tp

b

hwx twx

tfx

bfx

tp



6 
 

(a)  

(b)  

Figure 7. Tensile coupon test specimens for material AH32: (a) dimensions of the 

specimen, (b) specimen after tensile coupon test. 

 

Figure 8. Obtained engineering stress versus engineering strain curve of the material 

AH32.  
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Table 2. Obtained mechanical properties of the AH32 high tensile steel.  

E  (GPa) Y (MPa) T (MPa)   
f (%) 

205.8 331 483 0.3 40.0 

Note: E  = elastic modulus, Y  = yield strength, T  = ultimate tensile strength, 

  = Poisson’s ratio, and 
f  = fracture strain (elongation). 

 

The structure was fabricated in a shipyard, Busan, South Korea. Exactly the same 

technology of welding was applied as used in today’s shipbuilding industry following 

the classification rules [41]. The steel sheet procured was large enough to build the 

structure without butt-welds to connect pieces of plate sheets. Fillet welding using 

FCAW (flux-cored arc welding) technique was applied to attach longitudinal 

stiffeners and transverse frames to plating. It is confirmed that the applied conditions 

of welding met the WPS (welding procedure specifications) as indicated in Table 3. It 

is also confirmed that the fillet weld was applied with full penetration with a leg 

length of 7 mm, as shown in Figure 9.   

 

Table 3. Welding parameters applied for fabrication of the structure.  

Welding 

parameter Current(A) Voltage(V) Speed(cm/min) 
Heat input 

(KJ/cm) 

Leg 

length 

(mm) 

WPS 225-275 23-32 24-34 7-18 
7 

Application 260 28 30 14.56 

 

 

 
Figure 9. Full penetration of fillet weld with a leg length of 7 mm. 

  

 

Lw = 7 mm 

Lw = 7 mm 
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Figure 10. The full-scale steel stiffened plate structure after completion of fabrication 

in the shipyard.  

 

3. Measurements of welding-induced residual stresses 

A non-destructive technique, the X-ray diffraction (XRD) method was used to 

measure welding-induced residual stresses in the structure. Table 4 indicates the 

details of the measuring tool called Xstress3000
TM

 [42]. Figure 11 shows the 

measurement of welding-induced residual stresses using the XRD tool.  

 

Table 4. Details of the XRD tool used for measuring welding-induced residual 

stresses. 

 

Residual stress measuring equipment: Xstress3000
TM

 

(© Stresstech) 

Goniometer 

Inclination -45 ~ +45 degree 

Oscillation 0 ~ 6 degree 

Accuracy -0.003 ~ +0.003 mm 

Detector 

Angular resolution 0.029 degree/pixel mm 

Range 100~165 degree 
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Figure 11. Measurement of welding-induced residual stresses using the XRD tool.  

 

 
Figure 12. Monitoring (measuring) points.  

 

Measuring (monitoring) points can be defined at locations of interest as shown in 

Figure 12. As welding-residual stresses develop in both the plate length and breadth 

directions, the measuring points were allocated in both directions. Also, the 

distribution of residual stresses in the heat-affected zone is usually changing rapidly, 

and thus a more number of monitoring points at a smaller interval of measurements 

were arranged. It is recognized that the distribution of welding-induced residual 

stresses is almost symmetric with respect to the center line of the plate length or 

breadth [2], and thus the measuring points were allocated only at a half of the plate 

length or breadth. Also, biaxial tensile residual stresses may develop in the plate 

corner or at the junction of the longitudinal stiffeners and transverse frames as shown 

in Figure 3 although they were not measured because it was difficult to set up the 

XRD tool around the plate corner. 
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Residual stresses are distributed as illustrated in Figures 13 and 14. Table 5 

tabulates the measured data, where + indicates tensile residual stress and – indicates 

compressive residual stress. It is observed that tensile residual stresses develop around 

the heat-affected zone, and compressive residual stresses develop in the middle of 

plating. The tensile residual stresses can be as high as 90% of material yield strength. 

The breadth of tensile residual stress block is about 40 mm in both directions. Also, 

the compressive residual stresses in the longitudinal (plate length) direction are 

greater than those in the transverse (plate breadth) direction. This is because the 

internal forces associated with the breadth of tensile residual stress block are almost 

the same each other, but the plate length is 4.375 times the plate breadth and 

subsequently the equilibrium condition between tensile and compressive residual 

stress blocks results in the smaller compressive stresses in the plate breadth 

(transverse) direction.  

 

Figure 13. Residual stresses distrubution in plating.  
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(b)  

Figure 14. Distribution of welding-induced residual stresses (a) plate length 

(longitudinal) direction, (b) plate breadth (transverse) direction. 

 

 

Table 5. Measured data of welding-induced residual stresses.  

Distance 

from weld 

center line 

(mm) 

rx (MPa) ±Error(MPa) 

Distance 

from weld 

center line 

(mm) 

ry (MPa) ±Error(MPa) 

0 +307.5 8.5 0 +298.7 8.2 

20 +287.6 10.3 20 +187.0 9.3 

40 -5.7 3.0 40 +24.6 9.3 

60 -38.1 11.9 60 -18.3 5.9 

100 -32.9 8.2 120 -12.7 4.1 

220 -41.7 11.2 500 -17.6 7.1 

360 -33.3 4.2 1000 -21.8 5.3 

- - - 1575 -13.3 4.2 

Note. rx  is the residual stress in the plate length (longitudinal) direction, 
ry  is 

the residual stress in the plate breadth (transverse) direction, and Error indicates the 

possible errors of measurements due to the accuracy of the XRD tool. 

 

4. Numerical predictions of welding-induced residual stresses 

Three-dimensional thermo-elastic-plastic finite element method was applied to predict 

the welding-induced residual stress distributions. Details of the computational models 

and approaches are described in a separate paper of the authors [43]. Here only the 

results of computational models together with computed values are presented.  

Figure 15 shows the finite element method model for a quarter of the structure with 
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symmetric conditions. The structure was modeled using 8-node 3D brick 

thermo-elastic-plastic finite elements (full integration type elements) which took into 

account the effects of plasticity, hyper-elasticity, stress stiffening, creep, large 

deflection and large strain. The order of welds is indicated in Figure 15. The same 

parameters of heat sources as used for fabrication indicated in Table 3 were applied in 

the numerical predictions.  

Figure 16 shows the distribution of temperatures with moving heat sources 

obtained from the computations. Figure 17 shows von Mises stress distribution after 

the 1
st
 weld and cooling process was completed. Figure 18 shows the computed 

results of welding-induced residual stresses in the plate length and breadth directions. 

Figure 19 compares the welding-induced residual stresses in plating between direct 

measurements and numerical predictions. It is found that the computational models 

provide reasonable solutions of welding-induced residual stress distributions 

compared to the measurements.   

 

 

Figure 15. Finite element method model for a quarter model of the structure.  

 

 

Figure 16. Temperature distribution with moving heat source in the first weld zone.  
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Figure 17. von Mises stress distribution after completing 1
st
 weld and cooling 

process.  
 

(a)  

 

(b)  

Figure 18. Numerical predictions of welding-induced residual stresses in (a) the plate 

length (longitudinal) direction, (b) the plate breadth (transverse) direction.  
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(a)  

 

(b)  

Figure 19. Comparison of welding-induced residual stresses between direct 

measurements and numerical predictions.  
 

Figure 20 shows the statistical error assessment between direct measurements and 

numerical computations in plate residual stresses. The mean value and standard 

deviation are 0.867 and 0.411, respectively in the plate length (longitudinal) direction, 

and 1.150 and 0.201, respectively in the plate breadth (transverse) direction. 
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(a)  

 

(b)  

Figure 20. Statistical analysis of the plate residual stresses in (a) plate length 

(longitudinal) direction, (b) the plate breadth (transverse) direction. 
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5. Simple formula estimations of welding-induced residual stresses 

Simple formulations are useful to quickly estimate welding-induced residual stresses 

in steel stiffened plate structures. For that purpose, empirical formulations [3,4] were 

used.   

The distribution of welding-induced residual stresses in both directions was 

modeled with rectangular type of tensile and compressive residual stress blocks as 

shown in Figure 3. It is noted that buckling and ultimate compressive strength of plate 

elements is directly affected by compressive residual stresses rather than tensile 

residual stresses. In this case, the compressive residual stresses can be defined from 

the equilibrium conditions as follows [3]:  

2

2

t
rcx rtx

t

b

b b
 


                       (1a) 

2

2

t
rcy rty

t

a

a a
 


                       (1b) 

where tb  and ta  are the breadth of tensile residual stress block in the plate breadth 

or length direction, respectively, rtx , 
rty  are the magnitude of tensile residual 

stress block in the plate length or breadth direction, respectively, rcx , 
rcy  are the 

magnitude of compressive residual stress block in the plate length or breadth direction, 

respectively, a  is the plate length (spacing between transverse frames), and b  is 

the plate breadth (spacing between longitudinal stiffeners). rtx  and 
rty  are 

approximately equal to Y  (material yield strength) for structural steels. 

Equation (1) reveals that the compressive residual stresses can be estimated once 

the breadths of tensile residual stress blocks are defined. Empirical formulations of  

tb  and ta  were developed as a function of the weld leg length wL  as follows [3, 4]:  

1 2t wb c L c                                  (2) 

where, 2

1 0.4562 4.1994 2.6354x xc        ,  

2

2 1.1352 4.3185 11.1750x xc        and Y
x

b

t E


  . 

  1 2t wa d L d                                 (3) 

where, 2

1 0.0399 2.0087 8.7880y yd        ,  

2

2 0.1042 4.8575 17.7950y yd         and Y
y

a

t E


  . 
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   Using Equations (1) – (3), the magnitude of compressive residual stresses in the 

longitudinal and transverse directions can be estimated. The yield strength of material 

AH32 is 331 MPa and thus 
Y rtx rty     = 331 MPa is taken. Also, the leg length 

for the applied weld condition is wL  = 7 mm. Therefore, the slenderness ratios are 

obtained as 2.88x   and 12.63y  . Equations (2) and (3) then provide the 

breadths of tensile residual stress blocks as follows:  

2

1

2

0.4562 4.1994 2.6354

   0.4562 2.88 4.1994 2.88 2.6354 10.9575

x xc       

      
 

2

2

2

1.1352 4.3185 11.1750

   1.1352 2.88 4.3185 2.88 11.1750 14.1797

x xc      

      
 

1 2 51.5655t wb c L c   
 
mm 

 
2

1

2

0.0399 2.0087 8.7880

   0.0399 12.63 2.0087 12.63 8.7880 27.7960

y yd       

      
 

 
2

2

2

0.1042 4.8575 17.7950

   0.1042 12.63 4.8575 12.63 17.7950 95.7883

y yd       

       
 

1 2 70.9877t wa d L d   
 
mm 

   Ultimately, the compressive residual stresses in the longitudinal and transverse 

directions were estimated from Equation (1) as follows: 

rcx  = -55.34 MPa, 
rcy  = -14.92 MPa 

   Figure 21 compares the welding-induced residual stresses between direct 

measurements, numerical computations and simple formula estimations. It is found 

that the difference of the average compressive residual stresses between direct 

measurements and simple formula estimations is about 10%.    
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(a)  

(b)  

Figure 21. A comparison of welding-induced residual stresses between direct 

measurements, numerical predictions and simple formula estimations. 

 

5. Concluding remarks 

The aim of the paper was to obtain measurement data of welding-induced residual 

stresses in a full-scale steel stiffened plate structure. Computational models for their 

numerical predictions together with simple formula estimations were also presented. 

Based on the studies, the following conclusions can be drawn.  

(1) A full-scale steel stiffened plate structure associated with bottom plate panels 

of an as-built containership carrying 1,900 TEU was successfully designed 

and fabricated in a shipyard, Busan, South Korea which has built small and 

medium sized merchant and patrol ships. 

(2) Exactly the same technology of welding as used in today’s shipbuilding 

industry was applied for fabrication of the structure following the 

classification society rules and welding procedure specifications. Full 

penetration of weld material along weld lines of fillet welding was secured to 
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attach support members to plating with a welding leg length of 7 mm.  

(3) As a non-contact technique, the X-ray diffraction method was employed to 

measure the welding-induced residual stress distributions of the structure 

within acceptable errors of measurements.   

(4) Computational models using three-dimensional thermo-elastic-plastic finite 

element method were developed to predict the welding-induced residual stress 

distributions of the tested structure. It is found that the numerical predictions 

are in good agreement with direct measurements.  

(5) Simple formulations [3, 4] were used to estimate welding-induced residual 

stresses. It is confirmed that the estimations agree reasonably well with the 

measured residual stresses.    
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