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This paper reports an investigation on the tensile resistance of fully-penetrated butt-welded connections of (ultra-
)high-strength steels considering the strength softening of the heat-affected zone (HAZ) and the strengthening
due to the transverse constraint. Firstly, a parametric study is carried out to analyse the tensile behaviour of fully-
penetrated butt-welded S700 connections using validated finite element (FE) models. Based on the FE results, the
effect of the investigated parameters on the ultimate resistance of the connections is quantified. Consequently, a
Macro prediction model is proposed, neglecting the detail of HAZ inhomogeneous microstructures but consid-
ering five design parameters, which are the width and thickness of the specimen, the width of HAZ, the softening
ratio, and the matching ratio. Finally, the proposed Macro model is validated against the available experimental
data of fully-penetrated butt-welded (ultra-)high-strength steel connections in literature. The results show that
the Macro model is proven successful in accurately quantifying the effect of HAZ, concerning the strength
softening and the transverse constraint strengthening, on the tensile resistance of fully-penetrated butt-welded
(ultra-)high-strength steel connections. It is also found that 157 and 96 out of 185 experiments are predicted
within a 5% deviation range using the Macro model and prEN 1993-1-8:2021, respectively, proving that the
Macro model is more consistent with the experimental data compared to the prediction of prEN 1993-1-8:2021.

1. Introduction

Welded connection is a common solution to join elements in steel
construction. A weld region can be characterized into three major zones,
which are the base material (BM), the heat-affected zone (HAZ), and the
weld metal (WM). HAZ is an unmelted region due to the heat input
during the welding process. The mechanical property of HAZ is sensitive
to several parameters, such as the heat input, the cooling time from
800 °C to 500 °C (tg,s), and the manufacturing process of BM [1,2]. The
strength of HAZ could be comparable to BM, provided that a set of
specific welding parameters are used [3-5]. Otherwise, a significant
strength degradation might occur in HAZ, which is more severe for steels
with a higher strength grade [2,6,7]. Besides, the strength degradation is
significant for structural steels after fire [8,9], even though the
maximum temperature (up to 1000 °C) might not be as high as that
experienced during welding. The reason is that the cooling rate is very
low compared to that in a welding process.

Many experimental studies have been carried out to investigate the
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tensile behaviour of butt-welded high-strength steel (HSS, 460 MPa < f;
< 700 MPa) and ultra-high-strength steel (UHSS, f; > 700 MPa) con-
nections [1,3,6,10-24]. HAZ plays a vital role in the welded connection
if HAZ has the lowest strength in the entire weld region. Hence, it is
important to know the mechanical properties of HAZ to simulate the
behaviour or determine the resistance of the welded connection prop-
erly. The stress-strain constitutive model of HAZ has been obtained
using different methods [1,2,4,6,14,15,17,19,21,23-27], as introduced
in [11]. As the mechanical property of HAZ is closely related to the
experienced highest temperature and the cooling time during welding,
Stroetmann et al. [1] tested HAZ with different combinations of the
highest temperature and the cooling time. The temperature-time history
on HAZ was reproduced using a thermal simulation machine. Yan et al.
[6] calibrated the stress-strain relationship of HAZ based on tensile tests
on coupon specimens with a butt weld in the middle. A linear modifi-
cation factor was proposed to reduce the measured stress to obtain the
stress-strain relationship under the uniaxial stress state. Alternatively,
the mechanical properties of HAZ can be obtained through the Vickers
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hardness test based on the empirical relationship between hardness and
strength [2,25-27].

On the other hand, although HAZ may have a lower strength than BM
and WM, the final fracture might not appear at HAZ. The reason is that
the resistance of the HAZ cross-section is enhanced by a transverse
constraint applied by BM and WM [6]. The appearance of the transverse
constraint is due to the stronger mechanical properties of adjacent ma-
terials. For example, HAZ is weaker than BM, resulting in a higher plastic
strain in HAZ than BM in the loading direction. According to the law of
volume conservation for plastic deformation, the plastic strain perpen-
dicular to the loading direction is more significant in HAZ than in BM.
However, considering the material continuity at the conjunction of two
materials, BM and HAZ must have the same perpendicular strain at the
interface, which results in the transverse constraint to mediate the
perpendicular strain. Hochhauser et al. [13] tested butt-welded coupon
specimens with and without milling. The thickness of unmilled speci-
mens was 6 mm (weld reinforcement remained), while the milled
specimen had a thickness varying from 6 mm (weld reinforcement
removed) to 2 mm. The test results showed that the tensile strength
(resistance over the cross-section area) of the specimen decreases with
the decrease of the specimen thickness, indicating that the thickness of
the specimen influences the level of the transverse constraint. In addi-
tion, it was also found that the weld reinforcement would increase the
tensile strength. Yan et al. [11] found that the resistance of a butt-
welded connection with a 30% strength degradation in HAZ could be
equal to that of BM. Therefore, both the HAZ strength degradation and
the enhancement owing to the transverse constraint should be evaluated
to provide a safe and economical design recommendation for butt-
welded connections.

The latest version of prEN 1993-1-8 [28] allows the use of under-
matching welds for steel grades equal to or higher than S460. As the
resistance of the welded connection decreases with the decrease of WM
strength in general [20], the strengths of BM and WM are considered in
the current design rule of prEN 1993-1-8 [28]. However, the failure of
welded connection is often governed by HAZ [6,11,13,16,18,20-22,24].
Hence, it is unrealistic to accurately predict the tensile resistance of HSS
and UHSS connections without considering the strength of HAZ.

In the present study, a finite element (FE) analysis is carried out to
investigate the effect of five parameters on the tensile resistance of fully-
penetrated butt-welded connections. The investigated parameters
include two material strength parameters: the ultimate strength soft-
ening ratio of HAZ to BM and the ultimate strength matching ratio of
WM to BM, and three geometry parameters: the thickness of the spec-
imen, the width of the specimen, and the width of HAZ. A prediction
model is proposed to calculate the tensile resistance of the butt-welded
connection considering all five parameters. The prediction model is
suitable for the case where HAZ is the weakest zone in the entire weld
region. Finally, the proposed model is validated against the available
experimental results in literature. It is worth mentioning that the used
HAZ strength and width are not measured from the real construction
site. The intention is to use the HAZ strength and width predicted based
on the type of base material and welding parameters. However, the
relationship between the HAZ material properties and the weld details
has not been quantified yet. Further studies are required to establish a
reliable model for predicting the HAZ strength and width.

Reinforcement

Bevel angm

Root face |
“~—tRoot gap

a) Normal weld region.
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2. Parametric study of butt-welded connections
2.1. Finite element (FE) model

Figure 1 a) presents a weld region of a single V-groove butt weld with
the bevel angle, the root face, and the root gap indicated. Normally, a
butt weld contains reinforcement on the top and bottom sides of the
weld (marked in light blue), which may increase the resistance
compared to the connection without reinforcement [13]. As a conser-
vative prediction, the weld reinforcement and the root face are not
included in the FE model, as shown in Fig. 1 b). The bevel angle and the
root gap of the FE model are 45° and 1 mm, respectively, which are the
same as the dimensions used in the experiments conducted by Yan et al.
[6,111.

The FE analysis, using the ABAQUS:2021 software package [29], is
carried out to investigate the effect of five parameters on the tensile
resistance of butt-welded coupon specimens. An example of the FE
model is presented in Fig. 2. A quarter of the welded coupon specimen
without the grip part is created to reduce the number of elements and
increase the computation efficiency. The symmetry boundary condition
is applied on Surface B and Surface C, indicating parallel edges within
the deformation measuring range. A reference point (RP1) is created at
the centre of the entire end surface (Surface A). The reference point
controls all translations and rotations of Surface A through a multi-point
beam constraint (MPC beam) which establishes a linear relationship
between degrees of freedom in RP1 and all nodes on Surface A. The load
is applied at RP1 by a displacement in the Y direction. The detailed
boundary conditions on Surface B, Surface C, and RP1 are illustrated in
Fig. 2. The original coupon specimen FE model was employed to cali-
brate a material damage model to simulate welded hollow section X-
joint. Considering the dimension of the X-joint, an appropriate mesh size
is required to avoid excessive elements. It was found that a 0.5 mm mesh
size can predict the experimental results accurately with an affordable
computational cost [6]. Hence, in the current model, the mesh size
within the 50 mm gauge length is equal to or slightly smaller than 0.5
mm, while the remaining part uses a coarse mesh in the loading direc-
tion. Note that the length of the gauge part shown in Fig. 2 is 25 mm due
to the symmetry feature. The C3D8R element is used throughout the
whole model. The quasi-static analysis is performed using an explicit
solver with a 100 s period and a 0.001 s target time increment. The
employed FE model has been successfully validated against milled
coupon specimens [6] and verified against unmilled coupon specimens
[11]. Fig. 3 a) shows six welded coupon specimens where three of them
were milled to a central layer of 3 mm before testing, and three of them
were tested as it is. The corresponding FE models are shown in Fig. 3 b).
Based on the methods proposed in [6,10], the dimension and the
constitutive model of HAZ are determined. The FE model is validated
against the milled coupon specimen and further verified against the
unmilled welded coupon specimen, as shown in Fig. 3 ¢) and d),
respectively. Detailed information regarding the validation and verifi-
cation of FE models is available in [6,11].

2.2. Investigated parameters

In the parametric study, three geometry and two strength parameters

HAZ

b) Investigated weld region.

Fig. 1. Weld details.
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Fig. 2. An example of the finite element (FE) model.
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Fig. 3. Validation and verification of FE models.

are investigated. The three geometry parameters are the width of between 2 mm and 4 mm based on 132 measured Wy from 66 inden-
specimen Wy, the thickness of specimen tj, and the width of HAZ Wy, as tation lines on 18 welded samples. Hence, three Wy (2 mm, 3 mm, and 4
shown in Fig. 2. Yan et al. [11] found that the majority (92%) of Wy was mm) are examined. The cross-section dimension may also influence the
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level of the transverse constraint applied by BM and WM on HAZ. Three
thicknesses and three widths of the specimen are included in the para-
metric study. The two strength parameters are the softening ratio SHAZ
and the matching ratio SWM which are the ultimate strengths of the
heat-affected zone and the weld metal over that of the base material,
respectively. The details of the investigated parameters are summarized
in Table 1. Note that the present study focuses on welded connections
where HAZ is the weakest part in the weld region. Hence, two strength
parameter combinations SEAZ:O.S, SWM_0.8 and SEAZ:OB, SWM_p.8
are excluded from the parametric study. Considering all parameter
combinations, 189 models are analysed.

The nominal mechanical property of S700 material is used for BM.
According to the latest version of prEN 1993-1-1 [30], the nominal yield
strength fy, ultimate strength f,,, and elongation at fracture & are 700
MPa, 750 MPa, and 0.12, respectively. In addition, the ultimate strain ¢,
of S700 material, reported by Yan et al. [11], was approximately 0.03,
which is adopted in this study. A 210 GPa Young's modulus E is assumed
for all materials.

Yan et al. [11] proposed a semi-empirical constitutive model to
determine the mechanical properties of HAZ based on BM, as shown in
Egs. (1)-(3). The yield strength, ultimate strength, and ultimate strain of
HAZ are calculated by reducing the yield strength, ultimate strength,
and elongation at fracture of BM through reduction factors RF;, RFo, and
RF3 in Egs. (1), (2), and (3), respectively. An RF3 = 0.8 proposed for
S700 welded connections [11] is adopted in this study. Although the
strength parameters SHAZ and S¥™concern the ultimate strength, the
same reduction factor is also applied to the yield strength, indicating
that both RF; and RF, for HAZ are equal to SHA%. For WM, the yield and
ultimate strengths are reduced by Sy™, while the yield and ultimate
strains are kept the same as those of BM. The mechanical properties are
presented in Table 2. The yield strain is calculated by fy/E. The level of
the strength reduction is presented at the subscript. For example, HAZg 7
represents HAZ with SHA% equal to 0.7.

Sfynaz = RF| X f pm 1)
Junaz = RF; X fupm 2
eunaz = RF3 X &;pm 3

2.3. True stress-strain relationship

The true stress-strain relationship is required in FE analysis. The
Swift model [31], as shown in Eq. (4), is employed to generate the true
stress-strain relationship of the materials based on the engineering me-
chanical properties presented in Table 2. o g is the true stress predicted
by the Swift model. First, the engineering stress and strain are converted
to the true stress and strain through Egs. (5) and (6), respectively. Then,
the true stress and true strain at the yield and ultimate points are used to
calculate three Swift parameters A, ¢y, and n based on the three condi-
tions presented in Egs. (7)—(9). Egs. (7) and (8) are made by substituting
the true stress and true strain at the yield point (o and ey) and the
ultimate point (o, and e,y into Eq. (4), respectively. The last condition
Eq. (9) is according to the Considere criterion [32] which is the first
derivative of true stress to true strain equal to the true stress at the ul-
timate point.

Table 1
Details of tested parameters.
Parameters Values
to [mm] 4 8 12
Wy [mm] 10 100 200
Wy [mm] 2 3 4
SHAZL 0.7 0.8 0.9
SWM[—] 0.8 1.0 1.2

-RXUQDO RI &RQVWUXFWLRQDO 6WHHO 5HVH

ois = A&+ &)" 4
o, =o0.(l+¢) 5)
e =In(l+¢.) (6)
oy =A(ey + 80)" ()]
o =A(eu +8&)" (8)

where ‘t" and ‘e’ in the subscript stand for true and engineering,
respectively.

Yan et al. [33] found that the true stress-strain relationship of HAZ
after necking (ultimate strength point) should be generated by the Voce
model [34], as shown in Eq. (10), where oy is the true stress predicted
by the Voce model. Hence, the calculated Swift parameters are used to
determine Voce parameters ko, Q, and fy following three continuity
conditions at the necking point, which are the true stress (Eq. (11)), the
first derivative of true stress (Eq. (12)), and the second derivative of true
stress (Eq. (13)) obtained from the Swift model equalling to those from
the Voce model. All determined parameters are presented in Table 3.
Fig. 4 depicts the generated true stress-true plastic strain relationship for
each material.

o =ko+0(1—e%) (10)
Ous = Ouy 11
dos doyy

: == 12)
dews & s=¢1u dewy s =€t
dzots dza,v

- = - 13
deﬁs de?y ot s

&8 =Etu

2.4. FE results

The reaction force and the deformation based on a 50 mm gauge
length are extracted from the FE analysis results. Stress is calculated by
dividing the reaction force by the cross-section area. As the FE model is a
quarter of the complete specimen, the deformation is measured from a
point 25 mm from Surface C in Fig. 2. The stress-deformation relation-
ship and the necking location of three FE models with different levels of
transverse constraint are presented in Figs. 5 and 6, respectively. The
name of FE model consists of the parameters in order of to-Wi-Wo-SIWM-
SHAZ For example, 8-3-100-10-07 represents the model with 8 mm
thickness, 3 mm HAZ width, 100 mm specimen width, 1.0 matching
ratio, and 0.7 softening ratio. The ultimate strength of BM is plotted as a
reference. All three FE models have the same level of material softening
in HAZ (SH4%= 0.7). With the decrease of Wy; and the increase of ty, Wo,
and SY'™, the ultimate strength of the FE model gradually increases. And
the ultimate strength of 12-2-200-12-07 model is almost identical to
that of BM, indicating that the transverse constraint may increase the
resistance of the HAZ cross-section by 30%. It is worth mentioning that
the necking occurs in WM for the FE model 4-4-10-08-07, while the
high strain concentrates in HAZ for the FE models 8-3-100-10-07 and
12-2-200-12-07. The reason for the necking in WM is that the BM ap-
plies a strong transverse constraint on HAZ, leading to a higher resis-
tance in HAZ than WM. Moreover, the FE model 4-4-10-08-07 has the
lowest level of transverse constraint among all models with a 0.8
matching ratio and a 0.7 softening ratio, as the other models have either
a greater thickness, a larger width, or a narrower HAZ width compared
to the FE model 4-4-10-08-07. With a more significant transverse
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Table 2
Engineering mechanical properties of BM, HAZ, and WM.
BM HAZy 7 HAZg HAZgo WMo g WM, o WM, 5
fy [MPa] 700 490 560 630 560 700 840
e [-] 0.0033 0.0023 0.0027 0.0030 0.0027 0.0033 0.0040
fu [MPa] 750 525 600 675 600 750 900
e [-] 0.03 0.096 0.096 0.096 0.03 0.03 0.03
e [-] 0.12 - - - - - _
Table 3
Determined parameters of constitutive models.
BM HAZo 7 HAZg HAZoo WMo g WM, o WM 5
A 852 745 851 956 683 852 1020
Swift model €o —0.00257 0.0318 0.0310 0.0302 —0.00176 —0.00257 -0.00327
n 0.0270 0.123 0.123 0.122 0.0278 0.0270 0.0263
ko - 501 572 644 - - -
Voce model Q - 155 177 199 - - -
fo - 7.10 7.15 7.20 - - -
— —4-4-10-08-07 - - -8-3-100-10-07 -=--- 12-2-200-12-07 Jopm
——S700BM @ HAZ,, -o-HAZys HAZ,,
800
L e
= ,;’: St e iy el O
600 %
Sos00 oo — o —— _
@ T e Bereeeett Greeeeeeer © {/ I B a—
,'0_2 _DDE‘B‘BDDD o puvsmeset SRRELUSS O % \\\
& 000 T ¢ 5 400 >~
v 600 G@‘)‘G‘Olo'o- 2 \\~
2 =]
=~ n
400 L |
0 0.03 0.06 0.09 0.12 0.15
Plastic true strain [-] 0 ’
0 1 2 3 4 5
a) HAZ and BM. Deformation [mm]
Fig. 5. Stress-deformation relationship.
——S700BM 8- WM,yg 0 WM, WM, ,
1000 models with a 0.9 softening ratio have an ultimate resistance maximally
5% lower than that of BM. For models with a 0.8 softening ratio, a 95%
= BM ultimate resistance can be reached, provided that the width of the
S 800 specimen is not <100 mm.
7‘ W
3 ..
Z ) PSR — P E— ol 3. Prediction model
500 R o == = Y B - S
= 3.1. Derivation of the proposed macro model
400 0 0.02 0.04 0.06 0.08 0.1 Equation (14) is proposed to predict the ultimate resistance R, of a
e - ) ’ ’ butt-welded connection. The ultimate strength of HAZ f, a7z can be
Plastic true strain [-] substituted by the ultimate strength of BM f, g times the softening

b) WM and BM.

Fig. 4. True stress-true plastic strain relationship.

constraint on HAZ, it is more unlikely to fail in HAZ, indicating that all
models with a 0.8 matching ratio and a 0.7 softening ratio would fail in
WM. Note that although the material damage model is not employed in
this study, the necking position could indicate the position of the final
failure.

An ultimate resistance ratio, which is the ultimate resistance of the
FE model over BM, is calculated for each model, as shown in Table 4.
The model with a resistance ratio equal to or above 0.95 is marked in
green. It can be seen that, in the investigated range of parameters, all

ratio. A constraint factor f. is proposed to consider the strength
enhancement due to the transverse constraint. The level of the trans-
verse constraint depends on five parameters, as investigated in the
parametric study. A strength factor s and a geometry factor fg are
proposed to consider the strength and geometry effects separately. As
the level of the transverse constraint depends on the strength difference
between the strong material (WM and BM) and the weak material
(HAZ), the strength factor is defined by the product of f, pm/fu,Haz and fy,
wM/fu,Haz, as shown in Eq. (15). Similarly, the geometry factor is defined
by the product of to/Hw and Wy/Hy (see Eq. (16)).

Ry = funaztoWoB, = fupmSiZtoWops, a4
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_ Jubm ><fu,WM 1 SyM-gM

~ QHAZ HAZ ~— oHAZ2
Su Su Su

(15)

ﬁJ.HAZ fu.HAZ

p =20y Mo _ 0o (16)
Hy Hy H

i 1
B. = min (alﬂs +afy, SHAZ)

a; =0.138, a, =0.871, a; = 0.0363

a7

All FE models presented in Table 4 are used to derivate the prediction
model. The constraint factor can be calculated for each FE model
following Eq. (14). The constraint factor is plotted against the geometry
factor in Fig. 7 a). The data points are sorted into four groups by the
softening ratio. Although three softening ratios were tested in the
parametric study, one extra softening ratio of “0.8*” is identified. The
reason is that the FE models with a 0.7 softening ratio and a 0.8
matching ratio fail in WM, indicating that the resistance of these models
is governed by the material (WM) which is 20% weaker than the base
material. Consequently, the trend of this set of data is closer to the “0.8”
series than the “0.7” series. Hence, a “0.8*” category is defined inde-
pendently to visualise the data properly. Fig. 7 a) shows that the rela-
tionship between the constraint factor and the geometry factor follows
the power law. Hence, a power law with two parameters (az and as) is
b) 8-3-100-10-07 assumed in Eq. (17). Fig. 7 b) presents five examples of the relationship

between the constraint factor and the geometry factor. The data is sorted

a) 4-4-10-08-07

e ST _07 ¢SPT-08 aST =09 =SH =08
1.50
—_ °
™ 1.40 . o s ° : : $ °
= ﬁ. i .F e 3
S130 »Q
g 3
& S+ e o . . -
- Ol : R $ s
g 120 §°
¢) 12-2-200-12-07 £ ’
O 1.10 F‘ A AA A A A A A A
Fig. 6. Necking location in three FE models.
1.00
0.00 100.00  200.00 300.00 400.00 500.00 600.00 700.00
Table 4 Geometry factor /3, [-]
Ultimate resistance ratio.
W 10 100 200
0| 4 8 [ 12 ] 4 8 [ 12 | 4 8 [ 12 a) Constraint factor vs. Geometry factor.

HAZ WM
sme |

F

0.76 | 0.78 | 0.79 | 0.85 | 0.86 | 0.87 | 0.86 | 0.88 | 0.89

0.8 0.78 | 0.79 | 0.79 | 0.86 | 0.88 | 0.88 | 0.87 | 0.89 | 0.90 A p=444  * =50 * £=100 ® 5,200 £,=600
0.79 | 0.80 | 0.80 | 0.88 | 0.89 | 0.89 | 0.89 | 0.90 | 0.91 : ) : ) )
0.82 | 0.85 | 0.87 | 0.88 | 0.92 | 0.93 | 0.89 | 0.93 | 0.95 1.50

0.7 1.0 0.84 | 0.88 | 0.90 | 0.90 | 0.93 | 0.94 | 0.91 | 0.95 | 0.96

0.88 | 0.91 | 0.93 | 0.93 | 0.95 | 0.96 | 0.94 | 0.97 | 0.97

0.97 | 0.99 | 1.00 | 1.01 | 1.02 | 1.03 | 1.03 | 1.04 | 1.04 Strength factor f, [-]
0.99 | 1.00 | 1.00 | 1.01 | 1.02 | 1.03 | 1.03 | .04 | 1.0
1.00 | 1.00 | 1.00 | 1.01 | 1.02 | 1.03 | 1.03 | 1.04 | 1.05
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10 [3 0.96 | 0.97 | 0.98 | 1.00 | 1.00 | 1.00 | 1.02 | 1.02 | 1.02 ‘
0o 421 0.97 | 0.98 | 0.99 | 1.00 | 1.00 | 1.00 | 1.02 | 1.02 | 1.03 LM ka0 L 2 R 6
3
2

b) Constraint factor vs. Strength factor.

Fig. 7. Effect of geometry and strength factors on the level of trans-
verse constraint.
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by the geometry factor. It can be seen that the constraint factor shows a
linear correlation to the strength factor, as shown by the dot trend lines,
which are generated by fitting the data points. Note that the dot lines are
only used for displaying the trend but not deriving the parameters.
Hence, one parameter qa; is assumed for the strength factor in Eq. (17).
As the constraint effects resulted from the geometry and the strength
difference are not coupled, the constraint factors are simply combined
linearly in Eq. (17). Note that the models with strength equal to BM are
excluded from Fig. 7 b), as the constraint effect of those models is limited
by the strength of BM, and those data points would blur the trend shown
in the figure. Since the ultimate resistance of the welded connection is
limited by BM, an up limit of 1/SHAZ is stipulated for the constraint
factor, as shown in Eq. (17).

The three parameters (a;, ay, and as) are fitted by minimising the
absolute difference between the FE and predicted constraint factor
considering all FE models. The determined parameters are shown in Eq.
(17). The proposed equation predicts the ultimate resistance of all 189
FE models with a maximum of 5% deviation, as shown in Fig. 8. The
mean and Coefficient Of Variation (COV) are 1.00 and 0.015,
respectively.

3.2. Validation of the proposed macro model

The proposed model is further validated against the tensile test re-
sults of butt-welded connections in literature. The width of HAZ, the
softening ratio, and the matching ratio are calculated based on the
hardness result, except for the strength of HAZ in [6,11], which is
calibrated against tensile coupon tests. Fig. 9 presents an example of the
hardness result used to determine the softening and matching ratios. The
softening ratio is determined as the minimum hardness of HAZ over the
average hardness of BM (HAZpin/BMaye). The matching ratio is the
average hardness of WM over the average hardness of BM (WMaye/
BMaye). The width of HAZ is characterized by two boundary points
which have the same hardness as BM. The available data in literature is
summarized in Appendix.

It is worth mentioning that the softening ratio and the matching ratio
in the proposed model are based on the ultimate strength of the material,
while the hardness result is used in the calculation. Although the yield
strength and the ultimate strength could be estimated by the hardness
value [35], it was found that indentation formed in the Vickers hardness
test is associated with an approximately 8% strain [36]. In addition, the
hardness of HAZ is measured from a single point, while an equivalent
strength representing the entire HAZ should be used. Hence, the calcu-
lated softening ratio and hardening ratio might deviate from the actual
values. The ultimate strength of HAZ was calibrated in [6,11], and the

Fig. 8. Macro model prediction vs. FE results.
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Fig. 9. Evaluation of the hardness result.

ultimate resistance of all 40 specimens is predicted with a maximum of
5% deviation, except for one specimen with a 6% overestimation. Fig. 10
compares the Macro model results to all available experimental results
in literature. It can be seen that all resistances are well predicted with
<10% deviation, except for two specimens with a 14% resistance un-
derestimation. The mean and COV are 1.01 and 0.040, respectively.

Although a 45° bevel angle is used in FE models, the Macro model
predicts the experimental results (with the bevel angle varying between
22.5° and 45°, and 0° for a laser weld) well without distinct over- or
underestimation. It indicates that the bevel angle might not be influ-
ential for the ultimate resistance of a butt weld. A possible explanation
for this phenomenon is that the dimension of the width is larger than the
thickness. Consequently, the transverse constraint is mainly in the width
direction, and the interaction between different layers is insignificant.

The suggested value of 0.8 for RF3 [11] is adopted in this study. A
question is raised on the applicability of the Macro model on butt welds
where RF3 = 0.8 is not valid. The adopted value of RF3 is a conservative
estimation. The lower HAZ ultimate strain &, ;a7 would result in a lower
level of the transverse constraint, consequently, a conservative predic-
tion on the ultimate resistance of the butt weld. Besides, the experi-
mental varying range of the e, az/erpm ratio for S700 materials was
mainly 0.8-0.92 [11]. With a 0.12 difference in terms of the &, naz/€fam
ratio, ey naz only differs by 0.0144, which is expected to have a limited
influence on the ultimate resistance. The comparison between the Macro
model prediction and the experiments, as shown in Fig. 10, also proves
that the RF3 = 0.8 does not decisive, as RF3 = 0.8 is not valid for all
experiments.

3.3. Comparison of the proposed macro model and the model in prEN
1993-1-8

The latest version of prEN 1993-1-8 [28] stipulates that the strength
of butt-welded connections in steel grades equal to or higher than S460
may be determined by Eq. (18).

0.85 x (0.9f,5m) + 0.15f, wm

OyRd = (18)
M2

where f,, pm and f,, wm are the ultimate strength of BM and WM. yy2 is the
partial factor for resistance of cross-sections in tension to fracture. The
partial factor is not included in the following calculation in order to
obtain the ultimate resistance of the connection instead of a design
resistance. Note that f, wm should be calculated by the strength of WM
times the matching ratio fu,BMxSuWM.

The prediction of prEN 1993-1-8 (EC3) is compared to the FE results
and the experiments in Figs. 11 and 12, respectively. The ultimate
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Fig. 10. Validation of the prediction model.

resistance of 94 out of 189 FE models is predicted with a maximum of
5% deviation. The number of models increases to 179 if the maximum
deviation is 10%. The mean and COV of EC3 predicted FE results are
0.98 and 0.056, respectively. 96 out of 185 and 163 out of 185 experi-
ments are predicted with a maximum of 5% and 10% deviation using the
EC3 model, respectively. The mean and COV of EC3 predicted FE results
are 0.99 and 0.073, respectively. In general, the EC3 model tends to
overestimate the ultimate resistance if a significant strength degradation
occurs in HAZ.

Fig. 11. EC3 prediction vs. FE results.

Table 5 summarises the statistical coefficients of the Macro model
and EC3 predictions. Comparing the results of the EC3 model (Section
3.3) to the Macro model (Section 3.1 and Section 3.2), it is evident that
the Macro model shows a better prediction on the ultimate resistance of
fully-penetrated butt-welded connections.

4. Conclusions

The present study focuses on the tensile resistance of fully-penetrated
butt-welded high-strength steel and ultra-high-strength steel connec-
tions with a softened heat-affected zone (HAZ). The Macro model is
proposed based on the finite element (FE) analysis results (maximum
200 mm wide) and validated against available experiments in literature
(maximum 100 mm wide). The following conclusions are drawn:

1. The base material and the weld metal apply a transverse constraint
on HAZ. The FE result shows that, within the range of the investi-
gated parameters, the transverse constraint may increase the tensile
resistance of the HAZ cross-section by at least 5%. A maximum of
approximately 30% resistance enhancement is observed in the FE
results.

2. Two factors are proposed to represent five parameters. The strength
factor f, considering the softening ratio and the matching ratio,
shows a linear relationship to the constraint factor f.. The effect of
the geometry factor fg, considering the width of the specimen, the
thickness of the specimen, and the width of HAZ, on the constraint
factor f. can be described by the power law.

3. The proposed Macro model shows better agreement for the ultimate
resistance of the fully-penetrated butt-welded connection compared
to the model in prEN 1993-1-8 [28] (EC3 model). The Macro model
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Fig. 12. EC3 prediction vs. experiments in literature.

Table 5
Statistical coefficients.
Macro model EC3
Mean cov Mean Ccov
FE results 1.00 0.015 0.98 0.056
Experiments 1.01 0.040 0.99 0.073

predicts the ultimate resistance of all 189 FE models with a
maximum of 5% deviation, while only 94 models are within this
deviation range using the EC3 model. The coefficient of variation
(COV) of the Macro and EC3 models are 0.015 and 0.056, respec-
tively. Regarding the experiments in literature, the Macro model and
the EC3 model have 183 and 163 out of 185 experiments predicted
with a maximum of 10% deviation, respectively. 157 and 96 ex-
periments are within a 5% deviation range using the Macro model
and the EC3 model, respectively. The COV of the Macro and EC3
models are 0.040 and 0.073, respectively.

4. The softening ratio is calculated based on the hardness result in
literature. For future studies, a hardness testing force, such as HV 0.5
or HV 5, should be proposed to represent the equivalent strength of
HAZ.

Limits of the Macro model are related to the dimension of the spec-
imens available in literature and prediction of HAZ material properties.
For future work, the following two research lines are interesting to
investigate further: (1) Consider wider specimens in FE analysis and in
experiments; (2) Establish a reliable model which can predict the width

and strength of HAZ based on the type of base material and the welding
parameters.
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Experimental data of butt-welded coupon specimens.

Exp | Pre |Pre/Exp| fusm fo Wo W Sr . S:[ ¥ BA

Specimen [MPa) | [MPa] | [-] | (MPa] | [mm] | [mm] | (mm] | [y | g | [

Yanetal. [11].

S700t10WN2 780 786 1.01 904 3.0 7.9 3.50 | 0.86 | 0.81 45
S700t10WN3 789 792 1.00 904 3.0 8.0 350 | 0.86 | 0.82 | 45
S700t10WN4 798 797 1.00 904 2.9 7.6 350 | 0.86 | 0.83 | 45
S700t8 WN2 712 733 1.03 833 3.0 10.0 | 3.00 [ 094 | 0.79 | 45
S700t8WN3 717 736 1.03 833 3.0 10.0 | 3.00 [ 094 | 0.79 | 45
S700t8WN3M 726 742 1.02 833 3.0 10.1 | 3.00 [ 0.94 | 0.80 | 45
S700t8 WN4 709 731 1.03 833 2.9 9.9 3.00 | 094 | 0.78 | 45
S700t8 WN4M 707 729 1.03 833 3.0 10.0 | 3.00 | 0.94 | 0.78 | 45
S700t5WN3 795 793 1.00 841 2.9 199 | 3.00 [ 093 | 0.85 | 45
S700t5WN4 793 791 1.00 841 3.0 19.9 | 3.00 | 093 | 085 | 45
S500t10WN2 632 608 0.96 608 3.0 7.9 400 | 1.28 | 1.04 | 45
S500t10WN3 593 608 1.03 608 3.0 8.0 4.00 | 1.28 | 097 | 45
S500t10WN3M 593 608 1.03 608 3.0 8.0 400 | 1.28 | 097 | 45
S500t10WN4 615 608 0.99 608 3.0 8.1 4.00 | 1.28 | 1.01 45
S500t10WN4M 610 608 1.00 608 3.0 8.0 4.00 | 1.28 | 1.00 | 45
S500t8WN2 606 612 1.01 612 3.0 10.0 | 400 | 127 | 0.96 | 45
S500t8WN3 577 612 1.06 612 3.0 9.9 4.00 | 1.27 | 092 | 45
S500t8 WN4 586 612 1.04 612 3.0 9.9 400 | 127 | 094 | 45
S500t4 WN2 643 637 0.99 637 3.0 19.8 | 5.00 | 1.23 | 094 | 45
S500t4WN3 645 637 0.99 637 3.0 9.9 500 | 123 | 094 | 45
S500t4WN4 638 631 0.99 637 3.0 9.9 500 | 123 | 092 | 45
S355t10WN2 569 539 0.95 539 3.0 8.0 4.00 | 1.06 | 1.00 | 45
S355t10WN3 537 535 1.00 539 3.0 8.1 4.00 | 1.06 | 095 | 45
S355t10WN3M 524 526 1.00 539 3.0 8.0 4.00 | 1.06 | 0.92 | 45
S355t10WN4 541 537 0.99 539 3.0 8.0 4.00 | 1.06 | 095 | 45
S355t10WN4M 535 533 1.00 539 3.0 8.0 4.00 | 1.06 | 0.94 | 45
S355t8WN2 545 531 0.97 531 3.0 10.1 | 3.50 [ 1.08 | 0.98 | 45
S355t8WN3 535 531 0.99 531 3.0 9.9 350 | 1.08 | 0.97 | 45
S355t8WN4 538 531 0.99 531 3.0 10.0 | 3.50 | 1.08 | 0.97 | 45
S355t5WN2 561 543 0.97 543 3.0 16.0 | 400 | 1.06 | 098 | 45
S355t5WN3 549 543 0.99 543 3.0 15.6 | 4.00 | 1.06 | 096 | 45
S355t5WN4 545 543 1.00 543 3.0 16.0 | 400 | 1.06 | 095 | 45
S700t8§UMWNIM 758 755 1.00 833 7.9 9.9 3.00 | 094 | 0.79 | 45
S700t8UMWNSM 751 756 1.01 833 79 10.1 | 3.00 [ 094 | 0.79 | 45

S500t10UMWNIM 627 608 0.97 608 9.9 7.8 320 | 1.28 | 1.00 | 45
S500t10UMWNSM 626 608 0.97 608 9.9 8.0 320 | 1.28 | 1.00 | 45
S355t10UMWNIM 553 539 0.98 539 9.9 7.9 330 | 1.06 | 0.95 | 45
S355t10UMWNSM 555 539 0.97 539 9.9 8.1 330 | 1.06 | 0.95 | 45
S5004UMWN3 673 637 0.95 637 39 59.8 | 3.50 | 1.23 | 093 | 45
S500t4UMWN4 658 637 0.97 637 4.0 59.7 | 350 | 1.23 | 093 | 45
Hochhauser et al. [13].

847 855 1.01 855
830 817 0.98 855
835 855 1.02 855
824 855 1.04 855
788 817 1.04 855
829 855 1.03 855
830 855 1.03 855
800 855 1.07 855
778 801 1.03 855
822 855 1.04 855
778 833 1.07 855
766 785 1.03 855

20 197 | 1.12 | 0.88 | 25
20 359 | 1.00 | 0.84 | 25
20 199 | 1.12 | 0.88 | 25
20 245 | 1.06 | 0.87 | 25
20 359 | 1.00 | 0.84 | 25
20 2.16 | 1.12 | 0.88 | 25
20 221 | 1.12 | 0.88 | 25
20 1.96 | 1.06 | 0.87 | 25
20 4.10 | 1.00 | 0.84 | 25
20 220 | 1.12 | 0.88 | 25
20 2.51 | 1.06 | 0.87 | 25
20 4.00 | 1.00 | 0.84 | 25

With reinforcement

Without reinforcement

SR SR RV e N R A N R N K N R N K

Zhao [14].
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S550QT-1.0 746 752 1.01 752 20 25 2.15 1096 | 0.90 | 30

S550TMCP-1.0 715 717 1.00 717 20 25 1.89 | 1.02 | 0.90 | 30
S550QT-1.5 727 752 1.03 752 20 25 2.15 |1 091 | 0.89 | 30
S550TMCP-1.5 672 717 1.07 717 20 25 281 [ 093 | 0.89 | 30
S550QT-1.9 692 724 1.05 752 20 25 385 | 085 | 0.83 | 30
S550TMCP-1.9 696 717 1.03 717 20 25 436 | 099 | 087 | 30
S690QT-1.0 806 819 1.02 819 20 25 1.64 | 1.04 | 0.89 | 30
S690TMCP-1.0 839 848 1.01 848 20 25 389 | 1.03 | 0.85 | 30
S690QT-1.5 796 818 1.03 819 20 25 276 | 097 | 0.83 | 30
S690TMCP-1.5 769 826 1.07 848 20 25 192 | 0.88 | 0.79 | 30
S690QT-1.9 789 819 1.04 819 20 25 3.16 | 093 | 0.86 | 30
S690TMCP-1.9 808 813 1.01 848 20 25 3.00 | 095 | 0.79 | 30
Cai etal. [15].
QT550-1.5-F7 720 734 1.02 734 20 10 2.15 1 091 | 0.89 | 30
QT690-1.5-F7 794 831 1.05 852 20 10 276 | 097 | 0.83 | 30
QT890-1.5-F7 1100 | 1068 0.97 1121 20 10 338 [ 094 | 0.82 | 30
Zhang and Kannengiesser [16].
Al 818 792 0.97 792 6 25 0.78 1 091 30
A2 802 792 0.99 792 6 25 0.64 1 092 | 30
A3 812 792 0.98 792 6 25 0.36 1 091 30
Bl 787 770 0.98 775 6.5 25 1 1 0.78 | 30
B2 788 750 0.95 775 6.5 25 0.9 1 0.74 | 30
B3 800 775 0.97 775 6.5 25 0.63 1 0.83 | 30
Cl 819 821 1.00 821 8 25 1.07 1 0.87 | 30
C2 830 821 0.99 821 8 25 0.97 1 0.87 | 30
C3 833 821 0.99 821 8 25 0.70 1 0.91 30
Amraei et al. [3].
S700-LW 806 801 0.99 801 8 80 1.30 | 1.04 | 0.96 | 30
S700-LQ 785 801 1.02 801 8 80 339 | 1.05| 0.84 | 30
S700-HQ 803 742 0.92 801 8 80 5.16 | 097 | 0.77 | 30
S960-LW 1097 | 1152 1.05 1152 8 80 1.37 | 1.00 | 0.77 | 30
S960-LQ 1008 | 1047 1.04 1152 8 80 562 | 1.11 | 0.72 | 30
S960-HQ 915 946 1.03 1152 8 80 732 1091 | 0.66 | 30
S1100-LW 1171 | 1235 1.05 1235 8 80 091 | 1.08 | 0.97 | 30
S1100-LQ 1187 | 1235 1.04 1235 8 80 212 | 1.07 | 097 | 30
S1100-HQ 1170 | 1235 1.06 1235 8 80 2.60 | 1.01 | 0.90 | 30
Khurshid et al. [17].
S700-2 777 773 1.00 774 6 30 2.09 | 095 | 0.85 | 45
S700-6 774 774 1.00 774 6 30 2.09 | 1.03 | 0.86 | 45
S700-10 771 774 1.00 774 6 30 213 | 1.13 | 0.84 | 45
S960-4 1031 | 993 0.96 1101 6 30 125 1076 | 0.73 | 45
$960-8 1101 | 1101 1.00 1101 6 30 125 | 1.10 | 0.86 | 45
Keranen et al. [18]. Note: The 0 degree bevel angle is for the laser weld.
HMAG-0°C 877 818 0.93 1131 2 12 223 | 088 | 0.55 | 25
LMAG-0°C 889 903 1.02 1131 2 12 347 | 0.88 | 0.70 | 25
Laser-0°C 1052 | 1018 0.97 1131 2 12 1.16 | 1.01 | 0.74 0
HMAG-20°C 862 818 0.95 1131 2 12 223 | 0.88 | 0.55 | 25
LMAG-20°C 866 903 1.04 1131 2 12 347 | 088 | 0.70 | 25
Laser-20°C 1034 | 1018 0.98 1131 2 12 1.16 | 1.01 | 0.74 0
Chen et al. [19].
BJ-3.2-1 809 693 0.86 838 8 12.5 | 450 | 1.01 | 0.67 | 30
BJ-3.2-2 802 693 0.86 838 8 12.5 | 450 | 1.01 | 0.67 | 30
BJ-5.0-1 750 672 0.90 838 8 12.5 | 550 | 1.01 | 0.64 | 30
BJ-5.0-2 745 672 0.90 838 8 12.5 | 550 | 1.01 | 0.64 | 30
Collin et al. [20]. Note: W1 and W2 denotes two steel grades S960 and S1100, respectively. F1 and F2 are two
filler materials PZ6145 and PZ6149, respectively. The strength of each row is the average of three repeated
tests.
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WI1-F2 1054 | 1084 1.03 1099 6 24 2,69 | 092 | 0.87 | 25
W2-Fl1 946 1022 1.08 1458 5.5 24 479 | 047 | 0.65 25
WI1-F1 929 1017 1.09 1099 6 24 335 | 063 | 0.86 | 25
1104 | 1105 1.00 1458 5.5 12 373 | 0.70 | 0.67 | 25
1130 | 1127 1.00 1458 55 24 373 | 0.70 | 0.67 | 25
1182 | 1151 0.97 1458 5.5 48 373 | 0.70 | 0.67 | 25
W2-F2 1069 | 1082 1.01 1458 55 6 373 | 0.70 | 0.67 | 25
1192 | 1128 0.95 1458 5.5 96 524 1070 | 0.64 | 25
1093 | 1108 1.01 1397 12 24 4.56 | 0.73