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a b s t r a c t

This paper presents the results of research on transverse shrinkage of welded butt joints conducted
according to the principles of experimental design and under production conditions for two main
welding techniques used in shipbuilding (FCAW and SAW). Analysis took into account the technological
and structural parameters influencing the assembly suitability of a large steel structure. The presented
method of evaluation makes it possible to apply approximation formulae to predict transverse shrinkage
in real sections of a ship hull. The determined predictive formulae were verified to actual transverse
shrinkage measurements during prefabrication of hull sections at a shipyard as well as the equations
referring to the analyzed form of deformation available in the literature.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The hulls of contemporary ships, especially seagoing vessels, are
large-size spatial structures assembled from dozens up to hundreds
of various pre-fabricated sections (Fig. 1). With all the geometrical
diversity of the ship modules depending on the type of ship and
location in the structure, it is a stiffened plate which remains the
basic component of each hull which is further used to make larger
modular sections (e.g. bottom sections - Fig. 1) and blocks.

Butt welding is the first technological operation during the
prefabrication of each type of ship hull module (Fig. 1), usually
performed using submerged arc welding with wire electrode (SAW;
ISO 4063:1990). Butt welding is also employed in the further stages
of assembly during the construction of large sections (blocks) and
assembly of the entire hull using predominantly the flux-cored
metal welding with active gas shield (FCAW; ISO 4063:1990).
Therefore butt joints are one of themost crucial elements of welded
constructions, having the most significant impact on the assembly
suitability of each section (the ability of a structure or its fragment
to be connected to another structure or its fragment, preferably

without the need for correction works; Urba�nski, 2015).
The thermal cycle of welding induces all types of weld distor-

tions, resulting in deviations in dimension, position and shape of
the structure away from the design. The connection of pre-
fabricated components and sections can be performed efficiently
only if an assembly is planned properly (Iwa�nkowicz, 2016; Kang
et al., 2018) (which is with this related directly) and if real de-
viations (distortions) are within acceptable tolerances (i.e. accept-
able from the viewpoint of production standards for a large-scale
construction, for example: Shipbuilding and Repair Quality
Standard IACS, 1996; Production Standard of the German
Shipbuilding Industry, 1977; Company standard: T100-01, 2001).
If this is not the case, the correction works are necessary which
significantly increase labor input. It is estimated that repairs during
the assembly of hull sections and blocks account for about 20e25%
of all labor, i.e. as much as the average proportion of hull welding
work in the total shipbuilding time (Metschkow and Graczyk,
1997). Significant reduction in labor effort to obtain the desired
assembly suitability of deformed elements and sections is only
possible if the expected deformation can be either compensated for
or prevented altogether. Therefore many papers cover the problem
of weld distortion and prediction, e.g.: Hashemzadeh et al. (2017);
Lee et al. (2010), including also real structures: Murakawa et al.
(2013); Shin et al. (2012).

Knowledge of all issues related to the deformation is not always
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Nomenclature

a groove angle (�)
Agw surface area of the weld groove (mm2)
Afw surface area of the face of weld reinforcement (mm2)
Arw surface area of the root of weld reinforcement (mm2)
Aw cross section area of the weld (mm2)
bi, bti, bdi distances between the measurement points in the

transverse direction (mm)
c specific heat - thermal capacity (J/kgK)
dxi distances between the measurement points in the

longitudinal direction (mm)
DOE design of experiment
F Snedecor F-distribution
FCAW Flux-cored wire metal-arc welding with active gas

shield
FCAW-V joint welded FCAW method with beveling on V
g root gap (mm)
h high of the weld threshold (mm)
Hf high of face of the weld reinforcement (mm)
Hr high of root of the weld reinforcement (mm)
I welding current (A)
ke type of current coefficient
Mti, Mdi, Nti, Ndi measurement points along a given row of the

measuring gird
n number of themeasurement points in the rows of the

gird
ql linear heat input (kJ/mm)
qls substitute linear heat input (kJ/mm)
R multiple correlation coefficient
R2 squared multiple correlation coefficient
Corrected R2 corrected squared correlation coefficient

SAW Submerged arc welding with wire electrode
SAW-I joint welded SAW method with beveling on I
SAW-Y joint welded SAW method with beveling on Y
t thickness (mm)
TS transverse shrinkage (mm)
TSreal transverse shrinkage of a butt joints, real

measurements of hull sections in shipyard (mm)
TSSAW-I, TSSAW-Y, TSFCAW-V transverse shrinkage of a butt joints,

determinate based on experimental
studies, adequately for: SAW-I, SAW-Y,
FCAW-V (mm)

U welding voltage (V)
vs welding speed (mm/min)
wA average width of the welded area (mm)
Wg width of the root gap (mm)
Wf width of face of the weld reinforcement (mm)
Wr width of root of the weld reinforcement (mm)
Xi, Xj, Xm independent variable matrixes
x1, x2, x3, x4 independent variables selected for the experiment
Y dependent variable matrix
yi dependent variable (transverse shrinkage of the butt

joint)
a coefficient of expansion (1/K)
b0, bi, bj, bm vectors of function coefficients of the test object
dT transverse shrinkage of a butt joint, calculated based

on analytical relationships (mm)
DTSi the measure of transverse shrinkage (mm)
εe/m coefficient characterizing thermo-physical properties

of the material
h heating efficiency coefficient
n Poisson ratio (�)
r density (kg/m3)

Fig. 1. Welded butt-joints in the ship hull structure.
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required, and in some cases is even unnecessary, e.g. when only
selected or one type of deformation is of key importance in as-
sembly. Therefore, in production practice it is important to select
the key types of deformation according to the specificity of a given
industry and production technology, and to predict them correctly.
Transverse shrinkage is the main deformation related to welded
butt joints in shipbuilding. From the very beginning, the main focus
in the weld deformation analyses was on the transverse shrinkage.
Computational models of transverse shrinkage were proposed by:
Okerblom (1955); Leggatt (1980); Spraragen and Ettinger (1950),
and the others given by Masubuchi (1980).

Verhaeghe (1999) critically reviewed the predictive formulae of
all major types of welding deformation (it is: longitudinal
shrinkage, transverse shrinkage, angular distortion and rotational
distortion), transverse shrinkage of butt joints has been analyzed in
a dozen theoretical models, compared to only a few models for the
other types of deformations. Generally, on the basis of his review
two approaches can be distinguished in formulating equations for
transverse shrinkage of butt joints. The first is based on the linear
heat input and the coefficients and material properties of the
welded elements while the second on the geometric characteristics
of the welded butt joint, primarily in the weld cross sectional area
(in most cases, the numerical constants in these formulae are the
result of coefficients, the material properties of the welded ele-
ments and temperature components). The thickness of the welded
plates is a common element in almost all the analytical formulae.
The most important issue for the first group of formulae is deter-
mination of the linear heat input, while in the case of the second
group it is the cross sectional area of the weld.

Presently, most of the published results of the research on
welding distortions have been obtained through laboratory tests
and computer simulations (Slovacek et al., 2005; Liang et al., 2005;
Deng and Murakawa, 2008; Wang et al., 2009; Adak and Mandal,
2010; Deng et al., 2010; Sikstrom and Ericson Oberg, 2017). In
some papers (Yang et al., 2013,
2014,bib_Yang_et_al_2014,bib_Yang_et_al_2013; Birk-Sorensen,
1999; Shin and Lee, 2011) the results of measurements carried
out in real production conditions, especially in shipyards are pre-
sented. This article will therefore contribute to the increase of the
technological data set of the actual deformation values of large-size
steel constructions.

The aim of the present paper is therefore to develop theoretical
models, in the form of algebraic equations including two ap-
proaches, to predict transverse contraction of butt joints under
shipbuilding conditions. To achieve the goal, the results obtained
from the planned experiments were used, and the method used to
predict the transverse contraction of the butt joints was based on
the analysis of regression models.

The experiments were carried out under production conditions,
in a target research project (Niebylski et al., 1998), for the con-
ventional SAW and FCAW welding methods on low carbon and low
alloy steels used in the shipbuilding industry. The SAW method
carried out on I and Y joints, and FCAW on V joints.

2. Technical approach

To determine the scope of technological and structural param-
eters for experiments of planned types of butt joints, basic re-
lationships influencing the transverse shrinkage, that is linear
energy of the welding process and cross-sectional area of welds
were analyzed. The analysis was also to show whether and to what
extent the increase in the energy of the linear welding process
depends on the increase in the size of the half cross-sectional areas
of the welds.

In both cases these parameters were determined using equation

available in the literature (Jakubiec et al., 1987; Welding Handbook,
2001; Lazarson, 2007; Company instruction: IP27-80, 1965), taking
into account multiple layers of weld in welding process energy and
the variety of joint geometry for the cross-sectional area of the
weld), in accordance with the industrial procedures, in the Ship-
yard where this research took place: Company standard: T081-02,
(2001); Company standard: T081-03, (2001).

Linear welding energy for single- and multi-layer welds was
calculated according to Eq. (1).

ql ¼
h,U,I
vs

,ke (1)

Because in the case of multilayer welding the decisive factor for
the deformations is the layer which was made using the largest
linear energy, for analysis of the butt welds of thick elements, the
so-called substitute energy, determined on the basis of Eq. (2) is
used in calculations.

qls ¼
εe

m
,

0
B@Agw þ 2

cos a
2
,0:0887 ,

ffiffiffiffi
ql

p
, t

1
CA (2)

where: for SAW h ¼ 0,91 ÷ 0,99; for FCAW h ¼ 0,75 ÷ 0,93; εe/
m ¼ 340; for direct current ke ¼ 1.

We note that formulating Eq. (1) and Eq. (2) it was assumed that
residual stresses are not present therefore this assumption is valid
also for the present analysis.

The values of cross-sectional areas of welds and their main
components in the form of surface areas of the faces and root re-
inforcements, for all analyzed welding technologies, were deter-
mined on the basis of Eqs. (3)e(6).

Aw¼Afw þ Arw þ Agw (3)

where:

Afw ¼2
3
,Wf ,Hf (4)

Arw¼2
3
,Wr,Hr (5)

Hf ¼0:1,Wf (6)

The values of the surface areas of welding grooves as well as the
components of Eqs. (4) and (5), due to the different geometry of the
analyzed joints (Fig. 2), were determined on the basis of other
equations, depending on the welding technology used. For SAW-I
Eqs. (7)e(11) were employed:

Agw ¼ t,g (7)

Wg ¼ g (8)

Wf ¼1:5,t (9)

Wr ¼1:5,t (10)

Hr ¼0:1,Wr (11)

while for technologies SAW-Y and FCAW-V Eqs. (12)e(16) apply:
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Agw ¼ t , gþðt � hÞ2,tan
�a
2

�
(12)

Wg ¼ gþ2 , ðt�hÞ,tan
�a
2

�
(13)

Wf ¼Wg þ 6; for SAW � Y Wf ¼ Wg þ 4 ; for FCAW � V

(14)

Wr ¼1:5,h; for SAW � Y Wr ¼ g þ 8 ; for FCAW � V (15)

Hr ¼0:5þ 0:1,Wr (16)

The technical details used for the analysis, using Eqs. (1)e(16)
are shown in Fig. 3 and summarized in Table 1.

Determined linear heat input values were referred to the cross-
sectional areas of the welds, as a representative values that con-
tained all the components of the butt joint geometry. The calcula-
tion results are shown in Fig. 4.

Comparing the relationships shown in Fig. 4, it was found that
the tendency of the increase in linear energy values is clearly
dependent on the increase in the cross-sectional area of welds,
which is a correct phenomenon from the point of view of butt
welding technology. In addition, in each case (Fig. 4 a-c) the degree
of fitting the trend line to the determined values was around ninety
eight percent, i.e. for the technology: SAW-I it was 98.0%, SAW-Y
98.3%, FCAW-V 97.8%.

Taking into account these facts, it was finally found that the
purpose of the analysis was achieved and that on its basis it is
possible to determine the ranges of technological and construction
parameters included in the planned experiments as independent
variables.

3. Experiment

The experimental research was conducted according to the

principles of experimental design theory. Butt-welded joints were
considered as “black boxes”, on input with purposefully selected
technological and construction parameters (independent vari-
ables), specific for the analyzed type of deformation. Transverse
shrinkage was considered to be most influenced by the thickness of
the plates, groove angle, root gap (understood as the smallest dis-
tance between the plates) and the linear heat input. The first three
parameters are geometric components of the cross-sectional area
of the weld. The output of the black boxes included the response to
input parameters, i.e. transverse shrinkage (dependent variable).
An example of a black box with a V joint welded with the FCAW
method, along with its most important components, is shown in
Fig. 5. Black boxes for the SAW method and the I and Y joints, are
very similar, albeit for the I joint the number of independent vari-
ables is automatically reduced to three (due to omission of the
groove angle).

The black box of the planned experiment (see Fig. 5) is associ-
ated with two further groups of factors, i.e. constant factors (e.g.
thermal and physical properties of the welded materials) and
confounding factors (e.g. human error) which due to the fact that
they are neither controllable normeasurable during an experiment,
they were considered less significant. These groups are implicitly
included are in the result.

The plan of the experiment was prepared according to the
following three criteria (Montgomery, 2001; Pola�nski, 1984):
informativeness, viability and efficiency. Given the specificity of the
investigations conditions, a two-level complete plan was chosen as
the experiment plan (with no limit to the matchings of values in
experimental plan) with a minimum number of systems equal to
sixteen (for four independent variables) or eight (for three inde-
pendent variables).

The following linear model of the polynomial with interacting
members of the first and second order was assumed as an
approximation of the function:

Y ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i;j¼1
i< j

bijXiXj þ
Xk

i;j;m¼1
i< j
j<m

bijmXiXjXm (17)

In the case of selecting independent variables, which of the
values can be changed at two levels (i.e. minimum and maximum
levels), see Table 2 (Montgomery, 2001; Pola�nski, 1984), the num-
ber of experiments in one (required) block is 16 (for four variables)
or 8 (for three variables) respectively. The range of minimum and
maximum values of the independent variables correspond to the
selected technological and structural parameters (i.e. independent
variables) used in the industry, as presented in Table 3. Depending
on the volume of data the experiment blocks can be implemented
multiple times.

Materials used for the tests, i.e.: base and fillers, had certificates
from the relevant classification societies. A ÷ EH36 steels were used
as basic materials. Additional materials were selected according to
the types and grades of steel used, welding positions, and the
hydrogen content of the weld metal. FCAW was carried out using
backing bars to shape the root of weld, and carbon dioxide as active
gas.

The experiments were carried out at production sites for
welding standard shipboard steel plates, that is on the panel pro-
duction line. Welding sites had magnetic clamping tables. For SAW-
I and SAW-Y technologies, hydraulic pressure was applied at the
welding threshold (see Fig. 3). No additional sheet fastenings to the
mounting beds were used. The plates with the following di-
mensions (i.e. length x width): 10000 � 2500mm,
10000 � 3000mm, 12000 � 2500mm, 12000 � 3000mm were

Fig. 2. Details for determinate of cross section area of the weld (Company instruction:
IP27-80,1965).
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investigated in the study.
All butt joints and welds were made according with the re-

quirements of the classification societies and Shipyard procedures
approved by these societies, i.e.: Company standard: T081-02,
(2001); Company standard: T081-03, (2001). Detailed of prepara-
tion of elements to welding and values of technological parameters
for welding process are shown in Fig. 3 and Table 1.

Transverse shrinkage was measured using optical instruments,
eliminating the measure angular deformation. The measuring in-
struments had dial sensors with measuring accuracy of 0.01 mm.
The number of repetitions for each experiment planwas maximum
three, while the number of repetitions of the systems to check the
adequacy of the formula in the middle of the plan was maximum

six. Theway for calculating the transverse shrinkage of butt joints is
shown in Fig. 6 and Table 4.

4. Results

Statistical analysis is used in research of welding experiments
based on regression models analysis, i.e.: Remes and Varsta (2010),
also those performed at shipyards in industrial conditions, i.e.: Yang
et al. (2014); Yang et al. (2013).

The results of this research were developed with the use of open
principles (Montgomery, 2001; Pola�nski, 1984; Draper and Smith,
1998; Myers et al., 2009; Neter et al., 1985), using the statistical
analysis support package STATISTICA.

Fig. 3. Details for preparations of cross elements to welding (Company standard: T081-02, 2001; Company standard: T081-03, 2001).

Table 1
Technological parameters for analyzed welding technologies (Company standard: T081-02, 2001; Company standard: T081-03, 2001).

RunNo.* Thickness of plate (mm) Dimension of filler material (mm) Current(A) Voltage (V) Welding speed (mm/min)

SAW-I

1 5 ÷ 10 wire 4.0
shot 1.2

350 ÷ 450 33 ÷ 34 530 ÷ 430
2 350 ÷ 500 33 ÷ 34 700 ÷ 550
1 12 ÷ 17 wire 5.0

shot 1.2
530 ÷ 800 34 ÷ 35 40 0 ÷ 350

2 600 ÷ 900 34 ÷ 35 510 ÷ 370
SAW-Y
1 18 ÷ 20 wire 5.0

shot 1.2
800 ÷ 900 34 ÷ 35 350 ÷ 370

2 900 ÷ 920 35 ÷ 36 330 ÷ 350
1 22 ÷ 25 900 ÷ 920 35 ÷ 36 330 ÷ 350
2 800 ÷ 900 34 ÷ 35 350 ÷ 370
3 900 ÷ 920 35 ÷ 36 330 ÷ 350
FCAW-V
1 6 ÷ 24 1.2 or 1.6 180 ÷ 220 or 240 ÷ 260 26 ÷ 28 180 ÷ 220 or 220 ÷ 260
2÷n 200 ÷ 250 or 300 ÷ 360 28 ÷ 30 or 29 ÷ 31 220 ÷ 260 or 240 ÷ 280

Symbols: * - Run No. Conforming with Fig. 3. Inter-pass temperature Max. 250 �C.
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Individual regression coefficients were determined at a signifi-
cance level alpha ¼ 0.05, i.e. a confidence coefficient of 95%.

Assessment of the values obtained in the analyzed welding
distortion shows the importance of all the selected independent
variables and most of the interdependencies between them.

The polynomials describing the transverse shrinkage relation-
ship between the adopted technological and structural parameters
assume the form of Eqs. (21)e(23). The corrected squares of the
multiple correlation coefficients and Snedecor F-distribution for
the examined form of deformation are shown in Table 5, while a
summary of regression and list of significant variables is summa-
rized in Table 6.

TSSAW�I ¼ � b0 þ b1,t þ b3,g þ b4,ql (21)

TSSAW�Y ¼ b0 � b1,t � b2,aþ b3,g þ b4,ql þ b12,t,a� b13,t,g

� b14,t,ql þ b123,t,a,g

(22)

TSFCAW�V ¼ �b0 þb1 , tþ b3 , g�b4 , ql �b13 , t , g

�b23 , a , gþb24 , a , ql þb123 , t , a , g

�b124 , t , a , ql þb134 , t , g , ql
� b234 , a , g , ql

(23)

Based on the calculations for the regression models, three
functions were selected for TSSAW-I, eight for TSSAW-Y and ten for
TSFCAW-V. From the data compiled in Table 5, it is clear that for each
regression model (see Eqs.: (21e23)) F-distribution was signifi-
cantly higher than the critical Fcr values for the given degrees of

Fig. 4. Relationship of linear heat inputs from cross section area of the welds for analyzed technologies.

Fig. 5. Black box of the experiment planned for FCAW-V.
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freedom of the numerator and denominator (the critical values
were obtained from the statistical tables included in the
Montgomery (2001). In addition, p is significantly lower than the
significance level alpha. This means that the relationships

described in Eqs. (21)e(23) are statistically significant and can be
used to predict the value of the TS variable in the function of the
variables t, a, g, and ql. The obtained values for the corrected squares
of the multiple correlation coefficient (see Tables 5 and 6) indicate,
in each case, adjustment of the regression area to the experimental
data at 99%.

The results of the detailed statistical analysis of the significant
variables, presented in Table 6, confirm the usefulness of all the
functions of the investigation objects. Values in “Coef.” columns are
the coefficients for all significant variables, while the values in the
“SE Coef.” columns are standard errors of all regression coefficients.
The “t-s" values denote the t-statistic, the quotient of the “Coef”
regression coefficient and the “SE Coef” standard error. A high t-
statistic means that the coefficient can be estimated with a satis-
factory accuracy. The value of “p" shows the significance of each
variable. Evaluation of the values obtained for the analyzed
approximation equations shows that when taking into account all
the mathematical models, the thickness of the plates to be welded
is the most significant factor in the transverse shrinkage of the butt
joints. Plate thickness is an independent parameter in all equations.
In addition, it is the most frequently occurring component in the
interdependencies between the adopted independent variables.
The second and thirdmost significant variables are the root gap and
the groove angle. Linear heat input was the least significant
parameter in all models. With regard to the individual equations,
the significance of variables can be presented as follows: the most
significant independent variable was plate thickness for TSSAW-I,
groove angle for TSSAW-Y, and root gap for TSFCAW-V. In each case the
welding energy input was least important. The most significant
correlations were: plate thickness x groove angle for TSSAW-Y, and
plate thickness x groove angle x root gap for TSFCAW-V. In both cases,
these were the basic parameters of the cross-sectional area of the

Table 2
Experimental design - four independent variables for normalized values.

Experiment no. Plate thickness x1 (t) Groove angle x2 (a) Root gap x3 (g) Linear heat input x4 (ql)

1 �1 �1 �1 �1
2 þ1 �1 �1 �1
3 �1 þ1 �1 �1
4 þ1 þ1 �1 �1
5 �1 �1 þ1 �1
6 þ1 �1 þ1 �1
7 �1 þ1 þ1 �1
8 þ1 þ1 þ1 �1
9 �1 �1 �1 þ1
10 þ1 �1 �1 þ1
11 �1 þ1 �1 þ1
12 þ1 þ1 �1 þ1
13 �1 �1 þ1 þ1
14 þ1 �1 þ1 þ1
15 �1 þ1 þ1 þ1
16 þ1 þ1 þ1 þ1

Table 3
Experimental design - ranges of changes in independent variables for real values.

Independent variables (unit) Welding method e type of beveling

SAW-I SAW-Y FCAW-V

min. max. min. max. min. max.

t (mm) 5 17 18 25 10 24
a (�) 0 0 75 85 40 50
g (mm) 2.5 4.5 2.5 4.5 4.0 6.0
ql (kJ/mm) 1 4 2 5 2 5

Fig. 6. Way for calculating the transverse shrinkage.

Table 4
Mathematical relationships used to determinate transverse shrinkage.

No. Description Formula

1 Arithmetic mean of the difference between the measuring points in the transverse direction (width) - a transverse shrinkage measure for
the whole sample.

TSi ¼
1
n
,
Xn

i¼1
DTSi

(18)

2 The difference between individual measuring points in the transverse direction - measure of the transverse shrinkage for a given
measurement.

DTSi ¼ bbi � bai (19)

Legend
3

Distance between individual measuring points, measured on the top (bti) and bottom (bdi) sample surface (Fig. 6). bbi ¼ bai ¼
bti þ bdi

2

(20)

Where: subscripts: b value before welding; a value after welding; t value on the top surface of the sample; d value on the bottom surface of the sample; i¼ 1,…, n; n¼ 10 or 12,
depending on the length of welded plates.
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weld. The least significant interdependencies were those which
included linear heat input.

Since the mean variance of the random errors (of repetitions
within the experiment plan) was greater than the mean variance of
the approximation errors, no adequacy test was performed ac-
cording to Montgomery (2001); Draper and Smith (1998),
assuming the function of the test object as adequate.

The specified interdependencies between the technological and
structural parameters can be clearly presented graphically with the
use of three-dimensional graphs. At the same time, only two pa-
rameters (individual factor or an interaction) can be shown
simultaneously. Graphs of this type for selected and the most sig-
nificant variable are shown in Fig. 7.

They also show that thickness of the plates (for TSSAW-I e see
Fig. 7a), interaction between plate thickness and groove angle (for
TSSAW-Ye see Fig. 7b), as well as the interdependence between plate
thickness and groove angle and root gap (for TSFCAW-V e see Fig. 7c),
have a much greater effect on transverse shrinkage than the
remaining parameters (especially linear heat input for TSFCAW-V). An
increase in these noted factors significantly increased transverse
shrinkage. The technological parameters used in the experiments
(see Table 3) corresponded to real conditions. The obtained

distortion (the highest values), especially the distortion of about
4mm (obtained for TSFCAW-V) when calculated using the parameters
of the cross-sectional area of welds, would likely result in an un-
acceptable suitability of the assembly in the prefabricated sections
of the ship hull.

The very good fit of the regression area plane to the experi-
mental data is also confirmed by analysis of the graphs of normality
of the residuals for the models, as summarized in Fig. 8aec. The
location of points in these graphs demonstrates that the distribu-
tion of residuals in the models does not deviate significantly from a
normal distribution. It unequivocally confirms the high fit of the
estimated linear models to empirical data and the ability to make
reliable predictions based on them.

The accuracy of predictions was assessed comparing the values
calculated on the basis of approximation equations, described in
Eqs.: (21e23), with experimentally determined values, as illus-
trated in Fig. 8d-f. Both types of these values have been presented in
figure. Since the values obtained by both methods practically
formed a straight line, drawn from the beginning of the coordinate
system at an angle of 45�, a good agreement of the prediction with
the actual values can be found (at the level of 99%).

Note that a necessary condition in predictions based on the

Table 5
Comparison of corrected squared multiple correlation coefficients and Snedecor F-distribution.

Independent variable Corrected R2 Snedecor F distribution based on regression analysis Critical value Fcr, from statistical tables (for alpha ¼ 0.05)

TSSAW-I 0.99656 F(5.2) ¼ 441.84 p < .00000 Fcr(5.2) ¼ 19.30
TSSAW-Y 0.99950 F(8.7) ¼ 3774.1 p < .00000 Fcr(8.7) ¼ 3.73
TSFCAW-V 0.99818 F(10.5) ¼ 823.09 p < .00000 Fcr(10.5) ¼ 4.74

Table 6
Summary of significant variables when performing stepwise regression methods for TSSAW-I, TSSAW-Y, TSFCAW-V.

Summary of the regression of the dependent variable TSSAW-I for a stepwise regression with forward elimination: R ¼ 0.99954766; R2 ¼ 0.99909552; Corrected
R2 ¼ 0.99656; F(5.2) ¼ 441.84 p < .00000 Standard error of estimation: 0.02696

Variable Coef. SE Coef. t-s p

Constant �0.053333 0.03666075 �1.4547803 0.21941934
t 0.050833 0.00130104 39.07127 0.00000256346
g 0.160000 0.00780625 20.496404 0.0000334642
ql 0.048333 0.00520416 9.2874329 0.000747698

Summary of the regression of the dependent variable TSSAW-Y for a stepwise regression with forward elimination: R ¼ 0.99988410; R2 ¼ 0.99976821; Corrected
R2 ¼ 0.99950331; F(8.7) ¼ 3774.1 p < .00000 Standard error of estimation: 0.00991

Variable Coef. SE Coef. t-s p

Constant 2.260186 0.2555965 8.8427902 0.00004783
t �0.112843 0.0133514 �8.451761 0.00006408
a �0.046652 0.0030843 �15.12545 0.000001328
g 0.2238839 0.0154216 14.517539 0.000001755
ql 0.0291369 0.0102811 2.834032 0.0252597
t*a 0.0027692 0.0001624 17.046604 0.0000005863
t*g �0.00326 0.0019529 �1.66909 0.1390303
t*ql �0.000215 0.000472 �0.45654 0.6618301
t*a*g 0.00002911 0.00002275 1.2797435 0.2414147

Summary of the regression of the dependent variable TSFCAW-V for a stepwise regression with backward elimination: R ¼ 0,99969641; R2 ¼ 0,99939290 Corrected
R2 ¼ 0.99817871; F(10.5) ¼ 823.09 p < .00000 Standard error of estimation: 0.02734

Variable Coef. SE Coef. t-s p

Constant �0.304671 0.1858736 �1.639133 0.1621108
t 0.0740181 0.0101315 7.3057209 0.0007525
g 0.5486909 0.0681589 8.0501761 0.0004787
ql �0.210231 0.051634 �4.071551 0.0096193
t*g �0.029478 0.0039344 �7.49224 0.0006695
a*g �0.005265 0.0010405 �5.059385 0.003902
a*ql 0.009638 0.0019022 5.066767 0.0038777
t*a*g 0.0006319 0.00005375 11.757811 0.00007827
t*a*ql �0.0002 0.00005602 �3.571955 0.0160105
t*g*ql 0.0018788 0.0004947 3.7982406 0.0126512
a*g*ql �0.000704 0.0002009 �3.504624 0.0171992
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approximation of polynomials is that the applied technological and
design parameters have to belong to the definitional space of the
implemented experiment.

However, it cannot be expected in every case that a result with
comparable quality can be obtained as the properties of techno-
logical parameters are probabilistic, which can lead to major dif-
ferences between prediction and reality.

5. Comparative analysis of predictive formulae

The aim of this analysis was to verify the calculated transverse
shrinkage of welded butt joints based on predictive formulae from
experiments (see Eqs.: (21e23)), as well as other analytical re-
lationships available in the literature against real measurements of
this form of deformation carried out during actual prefabrication of
hull sections in a shipyard.

Among the several analytical equations formulated by re-
searchers investigating transverse contraction of butt joints
collected in (Verhaeghe, 1999), six equations e given in Okerblom
Eq. (24), Leggatt Eq. (25), Gilde Eq. (26), Blodgett Eq. (27), Guyot Eq.
(28), Spraragen and Ettinger Eq. (29) e were selected for compar-
ison to which were published by

dT ¼0;293,
a,ql
r,c,t

(24)

dT ¼ð1þ yÞ,h, a,ql
r,c,t

(25)

dT ¼ h,
a,ql
r,c,t

(26)

dT ¼0;1,
AW

t
; for FCAW dT ¼ 0;18,

AW

t
; for SAW (27)

dT ¼0;172,
AW

t
,0;0121,wA (28)

dT ¼0;2,
AW

t
,0;05,g (29)

The values in the equations (see Eqs. (24)e(29)) (i.e. the linear
energy of the welding process and the cross-sectional area of the
weld) were determined on the basis of the data given in Chapter
2.The following values were also taken: a ¼ 1.2e-5 (1/K), r ¼ 7880
(kg/m3), c ¼ 480 (J/kgK), n ¼ 0.3 (�).The results of the calculations

Fig. 7. Effect of technological and structural parameters on transverse shrinkage.
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are shown in Fig. 9.
Based on the analysis of the graphs in Fig. 9, a clear division of

predictive relationships into two groups was found, i.e. models
based on: linear energy of the welding process and on the cross-
sectional area of the weld. Despite the preservation, in most
cases, of the same trend regarding the shape of the charts, the
difference between the numerical values of the representatives of
both groups is significant, especially when two extreme curves;
Spraragen and Ettinger and Okerblom, are compared. The differ-
ence between the two values exceeds 4 mm of actual deformation.
The situation changes, though is still unsatisfactory, if we compare
the curves related to the difference between the compared values
at the medium level (Guyot and Gilde formulas) and the minimum
(Blodgett and Legatt formulas). The difference between the values
in the former case exceeds 3 mm, in the latter reaches 2 mm.

Additionally, comparing the obtained deformation values (see
Fig. 9) with real data, published in: (Verhaeghe, 1999; Masubuchi,
1980; Jabubiec et al., 1987), it was that the results obtained for a
group of values based on the cross-sectional area of the weld of the
transverse contraction of butt joints are definitely closer to the real
values.

Therefore, in further analyses, dependencies based on the linear
energy of the welding process are disregarded.

The real measurements weremade on a 53 of sections (i.e. 19 for
SAW-I, 14 for SAW-Y, 20 for FCAW-V), another than those used for
planned experiments, in which the components of the geometry of
butt-joints and technological parameters of welding be contained
in ranges presented in Table 7. The sections used in the comparative
analysis for SAW-I and SAW-Y technologies werewelded in different
production conditions than the sections used for experiments, i.e.

at a stand equipped with an electromagnetic threshold, rather than
hydraulic pressure. Production conditions of section welding for
FCAW-V technology were identical to the experimental ones.

In the vast majority of cases the ranges of changes (Table 7) were
consistent with the definition space of the experimental plans be-
ing implemented (i.e. falling within the ranges contained in
Table 3). Only in two cases for FCAW-V, one of the technological and
construction parameters, i.e. the welding gap, significantly differed
from the above-mentioned definition space. List of parameters of
prefabricated sections, for selected seventeen of them (i.e. five for
each of the analyzed welding technologies plus additional twowith
a larger welding gap), together with the values of cross-sectional
areas of welds are shown in Table 8. The cross-sectional areas of
welds are given, for easier identification of the sections, in diagrams
presenting the obtained values of transverse shrinkage.

The values of technological and construction parameters of the
newly prefabricated hull sections were used in Eqs. (21)e(29) to
predict of the transverse shrinkage values of butt joints. The values
obtained in this waywere comparedwith real measurements of the
section.

The results of the conducted analysis are summarized in Fig. 10
and divided into individual technologies, for the two models
yielding the best predictions, presenting them in one figure with
the actual values in Fig. 11. Furthermore, as a complement, the re-
sults are summarized in Table 9, where the differences between the
actual transverse shrinkage values of the butt welds and all the
dependencies are given. As a reference for the presented differ-
ences between the equations (Table 9), the values of the cross-
sectional areas of weld cross-sections corresponding to the weld-
ing technologies used were given.

Fig. 8. Evaluation of the accuracy of the predicted values: (a ÷ c) graphs of normality of residuals for the accepted models; (d ÷ e) comparison of experimental and approximate
values.
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On the basis of graphs presented in Figs. 10 and 11 it was found
that:

e Increasing tendency of values of transverse shrinkage is
dependent on the increase of the cross section areas of the
welds,

e The best accuracy of predictions, for all discussed welding
technologies, was obtained on the basis of approximation
equations Eqs. (21)e(23) and Guyot formula, Eq. (28), even
though the accuracy of predictions obtained using the

dependence Eq. (28) are satisfactory only for certain values of
the cross-sectional area of the weld. After exceeding the limit of
approx. 300 mm2 (Fig. 10c), the differences between the pre-
dicted values and the actual distortions become greater than
1.5 mm. Therefore, in general, the best predictions were ob-
tained using the approximation equations e Eqs. (21)e(23),

e Comparing predictions obtained using Eq. (28) and Eqs.
(21)e(23) with the actual deformation values in Fig. 11, it was
confirmed that the best predictions were obtained using
approximation equations. In addition, the best consistency of
results was obtained for unchanged, compared to experimental,
production conditions, i.e. for FCAW-V (Fig. 11c and f), while
worse for the modified production conditions, i.e. for SAW-I and
SAW- Y.

e A similar situation, as in the case of Eq. (28), takes place in
relation to the equation formulated by Blodgett (27), for which
the differences between the predicted values and the actual
deformations at the level of approx. 1.5 mm start already after
exceeding the limit of around Aw ¼ 150 mm2,

e The worst accuracy of the predictions was obtained for the
equation, formulated by Spraragen and Ettinger, i.e. for the
maximum values of the cross-section area, the discussed dif-
ferences in values exceed 3 mm,

Fig. 9. Comparison of the transverse shrinkage of butt joints based on selected predictive formulae.

Table 7
Ranges of changes technological and structural parameters for prefabricated
sections.

Independent variables (unit) Welding method e type of beveling

SAW-I SAW-Y FCAW-V

min. max. min. max. min. max.

t (mm) 8 16 19 23 10 24
a (�) 0 0 75 82 40 50
g (mm) 2.5 4.0 2.5 3.5 4.5 10.0*
ql (kJ/mm) 1.0 3.0 2.5 4.0 2.0 5.0

Symbols: * - value inconsistent within the definitional space of the experimental
plan.
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Table 8
Setting-up technological and structural parameters for chosen sections.

Welding method e type of beveling Technological and structural parameters of sections

t (mm) a (�) g (mm) ql (kJ/mm) Aw (mm2)

SAW-I 8 0 4.0 1.086 51
11 0 2.8 1.250 58
12 0 2.7 1.500 76
15 0 3.0 1.880 111
16 0 2.9 2.000 123

SAW-Y 19 75 2.5 2.790 109
19 75 2.8 2.780 121
20 78 2.8 2.910 133
20 76 3.0 2.880 137
23 80 3.3 3.460 183

FCAW-V 10 45 5.5 2.000 134
12 40 6.0 2.300 171
16 40 4.0 3.030 189
20 40 5.0 4.270 308
24 50 6.0 5.000 523

FCAW-V* 16 50 9.0 3.800 344
18 50 10.0 4.510 436

Symbols: * - value inconsistent within the definitional space of the experimental plan.

Fig. 10. Cumulative comparison of actual transverse shrinkage of butt-joints and all predictive formulae selected for analysis.
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e When assessing individual welding technologies, the smallest
differences in values were obtained for SAW joints with I bevel,
then Y bevel, while the largest differences were obtained for the
FCAW method with V bevel (Table 9). The minimum differences
between both types of results are thousandth parts of a milli-
meter, for SAW-Y and FCAW-V (and even tens of thousands for
SAW-I), while the maximum, for all technologies, decimal parts
of amillimeter in the case of Eqs. (21)e(23) andmore than 1mm
or even 3 mm for the others (Table 9),

e Differences in transverse shrinkage values for two sections,
which welding gap did not fit in the definition space of the
implemented experiment plan (Tables 7 and 8) were more than
twice as high as the maximum distortions value for the sections

falling into acceptable, from the point of view of methodology
research, ranges of changes in technology and construction
parameters (Fig. 10c, and Table 9. The difference for sections
with Aw ¼ 344 mm2 from Table 8 were: 0.72 mm for Eqs.
(21)e(23), 0.73 mm for Eqs. (28), (1.49) mm for Eq. (27), 2.01
mm for Eq. (29), respectively. For Egs. (21e23) and Eq. (28) this
difference did not exceed 1 mm, with very large values of cross-
sectional areas of welds, i.e. for the largest butt joints welded in
FCAW-V technology.

Obtaining predictions with values differing by a maximum of a
tenth of a millimeter from actual deformation measurements is
very valuable from a practical point of view and can result in

Fig. 11. Comparison of actual transverse shrinkage of butt-joints and best two predictive formulae selected for analysis.

Table 9
Comparison of differences between the actual transverse shrinkage of butt-joints and all predictive formulae chosen to analysis.

Differences between the values Welding method e type of beveling

SAW-I SAW-Y FCAW-V

min. max. min. max. min. max. max.*

TSreal - dT Guyot (mm) 0.0073 0.16 0.0015 0.24 0.0072 1.68 0.65
av. av. av. av.
0.050 0.088 0.38 0.41

TSreal - dT Spraragen and Ettinger (mm) 0.10 0.41 0.064 0.51 0.49 3.18 3.18
av. av. av. av.
0.29 0.24 1.055 1.16

TSreal - dT Blodgett (mm) 0.013 0.12 0.013 0.27 0.43 1.49 2.053
av. av. av. av.
0.065 0.93 1.014

TSreal - TSSAW-I; TSSAW-Y; TSFCAW-V (mm) 0.00078 0.16 0.0027 0.26 0.0089 0.35 0.81
av. av. av. av.
0.054 0.105 0.18 0.24

Reference for all of the above - Aw (mm2) 113 98 182 143 189 523 436

Symbols: * - for g values inconsistent within the definitional space of the experimental plan.
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measurable technological benefits in production conditions.
The very good predictive power of the analyzed approximation

equations makes it possible to use these models to intervene in the
technology of building units at the prefabrication stage of ship hull
sections. The ability to predict actual deformation is a valuable tool
supporting, for example, the techniques of assembling large-size
steel structures without operational stock. This tool can also be
used in predicting welding distortions using numerical methods,
e.g. "equivalent load methods” (Park and An, 2017), shortening the
analysis time by determining the actual deformation values.

Moreover, a fragment of a structure can be evaluated based on
simulations using predictive equations based on significant pa-
rameters (i.e. independent variables). Using the predictive re-
lationships obtained as a result of planned experiments, a
structural fragment can be assessed technologically, based on the
significant parameters as independent variables. This assessment
was done by Urba�nski (2015). As shown by the performed analyses,
a skillful selection of significant parameters can influence on pre-
diction of welding deformation and thus decide the assembly
suitability of the prefabricated parts of steel structures.

6. Conclusions

The present paper demonstrates that evaluation of the experi-
ments conducted under production conditions permitted devel-
opment of a mathematical model for the prediction of transverse
shrinkage of butt joints in actual sections of a ship hull. This eval-
uation provides the possibility of determining the technological
and structural parameters of importance for the analyzed form of
welding deformation. The approximation models enable selecting
technological solutions that guarantee maintenance of the
analyzed structure within the required dimensional tolerances to
influence an improvement in their assembly suitability. The paper
also proves good accuracy of the obtained predictions. In addition,
transverse shrinkage of welded butt-joints was shown to be
significantly influenced by all the selected independent variables,
i.e. plate thickness, groove angle, root gap and linear heat input.

The experimental models developed in the paper were verified
against with predictive relationships functioning in the profes-
sional literature, showing a very good fit of the obtained equations
to the actual deformation values measured in production
conditions.

However, when using predictive models, we should pay atten-
tion to the fact that a necessary condition to obtain the reliable
predictions is that the technological and structural parameters (i.e.
independent variables) need to be within the definitional space of
the experimental plan.
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