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Abstract
Based on the research of steel structures destroyed in earthquakes, it is often found that brittle fractures of the bottom beam 
flanges of welded beam-to-column connections are caused by welding defects. In this study, artificial surface notches in the 
welds of single beam flanges were prepared, and four experimental specimens of welded steel beam-to-column connections 
were tested to explore the effects of the initial crack and three different connection types on the seismic performance of the 
connections. Through extended finite element methods, the factor of the depth of the initial crack was discussed. The results 
showed that the fracture mode and the rate and location of crack propagation are significantly changed, and the seismic 
performance of the connections is reduced when there is an initial crack existing in the weld of a single beam flange. The 
fracture in box beam to box column connections shows brittle failure regardless of the initial crack, but the depth of the ini-
tial crack has the least influence on their seismic performance among the three connection types. The seismic performance 
of H-shaped beam to H-shaped column connections is the most sensitive to the depth of the initial crack. It should be noted 
that the weld quality of steel beam-to-column connections, especially the connections with H-shaped columns, should be 
carefully checked and monitored during the welding construction process and after earthquakes to ensure the bearing and 
deformation capacities meeting the requirements.

Keywords  Welded steel beam-to-column connections · Seismic performance · Initial crack · Crack propagation · Failure 
mode · Extended finite element method

1  Introduction

Beam-to-column connections are an essential part of steel 
moment-resisting frames, and the strength and stiffness of 
the connections have a significant influence on the overall 
structural performance. In the 1994 Northridge earthquake 
and the 1995 Hyogo-ken Nanbu earthquake, many steel 
structures were severely destroyed and showed brittle failure 
even though the design fully met the requirements of speci-
fications (Tremblay et al., 1996; Miller, 1998; Popov, 1998). 

In these destroyed steel structures, the weld at the bottom 
beam flange of beam-to-column connections was one of the 
most seriously damaged areas (AISC, 1994; Kauffmann & 
Fisher, 1996; SAC Joint Venture, 1995a; Song & Elling-
wood, 1999). Some of the explanations for this phenomenon 
are stress concentrations caused by a combination of fac-
tors such as welding defects and inevitable structural forms 
(Chi et al., 2000). In practical engineering, the dispersion 
of welding quality is quite large even if it meets the qual-
ity requirements (Engelhardt & Sabol, 1997). Many defects 
are easy to ignore and hard to detect, such as local cracks 
caused by welding interruption during overhead operation, 
and unoccluded penetration cracks due to the obstruction 
of welding brackets or little slag and bubbles in the weld. 
Moreover, cracks may appear in these welds after earth-
quakes but the connection has not been timely reinforced 
and repaired, then it gets greater damage in aftershocks. All 
these factors may become the beginning of crack initiation 
and propagation.
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When crack initiation or propagation occurs in the weld 
of steel beam-to-column connections under an earthquake 
action, the seismic performance of the connections is 
reduced and brittle fractures may eventually occur, which 
brings adverse effects to the overall structural performance 
and post-earthquake repair. To investigate the failure behav-
iors of steel beam-to-column connections, SAC Joint Ven-
ture had conducted several experimental full-scale tests 
under dynamic and static loads (Anderson et al., 1995; Jones 
et al., 2002; SAC Joint Venture, 1995a, 1996), and verified 
the test results through finite element analysis. On this basis, 
stress and strain in the key parts of the connections were 
extracted to calculate the fracture mechanics indexes (Chi 
et al., 2000). Moreover, they also carried out a theoretical 
study on the impact of connection fractures on the overall 
structural behaviors, and proposed a method to predict the 
damage degree and fracture location (Anderson et al., 1995; 
SAC Joint venture, 1995b; SAC Joint venture, 1995; Gross, 
1998). An et al. (2018) researched the effects of geometri-
cal heterogeneity, strength mismatches, and loading rates on 
critical conditions of ductile fracture through ductile crack 
initiation tests under static and dynamic loading, and the 
results indicated that the condition for ductile crack initiation 
using the two-parameter criterion (involving equivalent plas-
tic strain and stress triaxiality) is a transferable criterion to 
evaluate ductile crack initiation, which is independent of the 
existence of strength mismatches and loading rates. Liu et al. 
(2017) conducted nine full-scale tests on beam-to-column 
connections to analyze the effect of loading modes on con-
nection, and developed an effective plastic strain index to 
evaluate the connection damage. Joh and Chen (1999) inves-
tigated the fracture strength of welded unreinforced flange-
bolted web (WUF-B) connections using the method of linear 
elastic fracture mechanics, and proposed a new way to calcu-
late the brittle fracture strength of connections according to 
the maximum energy release rate of crack tips at the failure 
moment. Matos and Dodds (2000, 2001, 2002) provided an 
eigenstrain approach to impose realistic residual stress fields 
on the weld of bottom beam flanges in three-dimensional 
(3D) finite element models, and proposed a theoretical 
model which can predict the cumulative failure probability 
as a function in the form of beam end moment. From the per-
spective of micro, Huang et al. (2013) proposed a numerical 
method based on micromechanics damage model instead 
of traditional fracture analytical methods to investigate the 
crack initiation and propagation of welded beam-to-column 
connections subjected to monotonic loading and ultra low 
cycle loading conditions. Razavi et al. (2017) had developed 
a new crack propagation blocking method, and carried out a 
test on crack initiation and propagation under cyclic loading. 
The test results showed that this approach is superior to the 
traditional single-plug method, and could greatly reduce the 
growth rate of fatigue cracks. Yang et al. (2019) proposed 

a new design detail for the local welded form of steel struc-
ture to improve the fracture behavior, and the FE fracture 
model of the connections was established by a quasi-static 
test. Qin et al. (2021) provided a modified continuous dam-
age mechanics (CDM) model to predict the fatigue life for 
ULCF damage, which can reduce the relative error between 
the predicted fatigue life and the experimental fatigue life.

The above studies on the weld cracks mainly focus on 
the law of crack initiation and propagation, and the failure 
mechanism of fatigue damage. However, there are few stud-
ies on the influence of initial weld cracks on the seismic 
performance of steel beam-to-column connections, and the 
research related to initial weld cracks are mostly limited to 
some other fields such as aircrafts (Albedah et al., 2018; 
Citarella, 2009; Pokrovskii et al., 2018; Syed et al., 2014), 
ships (Babazadeh and Khedmati 2019; Yan and Huang 
2015) and railways (Baptista et al., 2018; Ma et al., 2014; 
Xie et al., 2017). In this paper, the seismic performance of 
welded steel beam-to-column connections, which contain 
artificial-made initial surface notches in the welds of single 
beam flanges, were studied through experimental tests and 
finite element analysis.

2 � Experimental Program

2.1 � Experimental Purposes

The failure of steel structures under earthquakes is due to 
the phenomenons such as yield, local buckling, and weld 
fracture of structural members, which lead to the reduc-
tion of bearing capacity and stiffness of joints. This failure 
process is a cumulative damage failure process of ultra-low 
cycle fatigue. In this paper, full scale beam-column joints 
were designed for the experiment, focusing on the damage 
mechanism of weld joints in the structure. The influence fac-
tors such as test specimens, initial crack, material properties 
and loading protocol were considered, and the influence of 
weld damage and fracture on the seismic performance of 
joints was analyzed.

2.2 � Test Specimens

Three full-scale specimens of steel beam-to-column con-
nections—an H-shaped beam to H-shaped column (H-H) 
connection, an H-shaped beam to box column (H-B) con-
nection, and a box beam to box column (B-B) connection—
with initial cracks at the welds of the beam flanges and a 
specimen of the H-H connection without any initial cracks 
were prefabricated. All the specimens were in the same form 
of single-sided welded unreinforced flange-welded web 
(WUF-W) connections. For each specimen, the lengths of 
the beam and column were 1.5 m and 2.0 m, respectively. 
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The geometrical dimensions of the specimens are shown in 
Fig. 1. The linear stiffness ratios of beam to column of the 
specimens were almost the same, which were 0.51, 0.52, and 
0.51 for that of the H–H connection, the H-B connection, 
and the B-B connection, respectively.

2.3 � Details of the Initial Crack

In post-earthquake investigations, it is often found that 
brittle fractures occur in the bottom beam flange of steel 

beam-to-column connections due to welding defects. In most 
cases, the resulting crack caused by the welding defect at the 
bottom beam flange can be simplified into two types; the first 
is the surface notch along the length of the weld connecting 
a beam flange, and the other is the crack penetrating at the 
weld edge caused by non-permeable welding. Herein, a man-
made surface notch as shown in Fig. 2, which is in the weld 
used to connect a column and a beam flange, was created 
during specimen prefabrication to simulate the first type of 
the cracks mentioned above. Then each specimen with this 

Fig. 1   Geometrical dimensions 
of specimens: a H–H connec-
tion, b H-B connection, c B-B 
connection, and d geometrical 
dimensions of weld hole



569International Journal of Steel Structures (2022) 22(2):566–584	

1 3

artificial crack was tested to explore the influence of the 
initial crack on the seismic performance of steel beam-to-
column connections.

In practical engineering, the sizes of the initial crack at 
the weld vary along the beam flange width (eg., the crack 
depth in the middle of the weld length is always greater 
than that on the side). In order to apply the ductile fracture 
theory of microscopic materials to the macroscopic calcula-
tion of joint ductile fracture, the initial defect distribution 
of the flange of steel frame beam-column joints is assumed 
to be uniform, and the influence of the initial crack on the 
specific position of the flange is not considered. According 

to the equivalent penetrating crack conversion principle in 
elastic–plastic fracture mechanics, the defects such as slag 
inclusion and porosity at the weld site are converted into 
penetrating cracks on the undersurface of the beam flange. In 
addition, the error and uncertainty in the crack manufactur-
ing process can be effectively reduced by this experimental 
design. A portable grinding machine was used to cut the 
weld of a single beam flange to obtain the initial crack. The 
crack produced by the machine was a surface-type crack 
in the middle of the weld height and uniformly distributed 
along the weld length (Fig. 3). The crack of each specimen 
was processed by the same cutting, and the depth and width 

Fig. 1   (continued)
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of each crack were 1.0 mm and 0.5 mm, respectively, in 
order to obtain the crack propagation and connection failure 
modes of three kinds of beam-column joints under differ-
ent initial conditions. To denote the experimental specimen, 
the name and characteristics of the specimen are shown in 

Table 1. According to the Welding Code for Steel Structures 
(GB50661-2011), grade I butt welds of steel structures shall 
be 100% flaw detection, and shall meet the requirements 
of no crack, no fusion, and no penetration. The single size 
of round defects such as porosity, slag, and tungsten in the 

Fig. 2   Initial crack at the 
beam flange weld: a schematic 
diagram of the initial crack and 
b elevation view of the initial 
crack
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Fig. 3   Geometrical dimensions of the initial crack: a side view and b elevation view
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weld shall be no more than 0.5 mm, and the total number of 
defects shall be 2–6. All the welds of each specimen were 
inspected by a full digital ultrasonic flaw detector before 
the experimental test, and the inspection results showed that 
there were no pores, slag inclusion, and other defects in the 
welds except the artificial cutting crack (if there are any).

2.4 � Material Properties

The type of steel used for the beam and column of each spec-
imen is Q345, and the type of weld metal is E5015. Coupon 

tests were carried out for these materials and the results are 
summarized in Table 2, where fy and fu are the yield strength 
and ultimate strength, respectively. The Young’s Modulus 
and Poisson’s ratio of all specimens measured in the test 
were 206 GPa and 0.3, respectively.

2.5 � Test Setup

The general layout of the test setup is shown in Fig. 4. A 
hydraulic actuator with a maximum load capacity of 500 kN 
and a maximum available displacement stroke of 200 mm 
was employed to apply cyclic displacement loads on the 
experimental specimen. One end of the hydraulic actuator 
was fixed on a giant reaction wall, and the other end was 
connected to the beam end through four anchor rods and a 
fixed plate, which makes force transferred uniformly and 
smoothly. To simulate the axial pressure on the column of a 
frame structure, an axial force of 500 kN, which can be con-
verted into an axial compression ratio of 0.18, was applied 
to one end of the column by another hydraulic actuator fixed 
on a reaction frame, while the other end of the column was 
pressed against to the reaction wall through a capping beam. 
Both ends of the column were fixed on the ground through 
a combination of a capping beam and prestressed anchor 
rods fixed to the ground, which restrains all the rotation and 
displacement of the column ends. In addition, lateral sup-
port, which was against an adjustable cylindrical bearing 
on the reaction frame on both sides, was provided below the 
loading position of the beam end to prevent lateral instability 
caused by out-of-plane torsion, displacement, or buckling.

Table 1   Characteristics of the specimen

Specimen Connection type With or 
without initial 
crack

I H–H With
II H–H Without
III H-B With
IV B-B With

Table 2   Material properties

Material type fy (MPa) fu (MPa)

Q345 (16 mm) 392.7 548.2
Q345 (12 mm) 360.1 428.3
Q345 (8 mm) 353.8 479.6
E5015 391.4 615.8
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Fig. 4   Test setup
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In this test, electronic automatic acquisition equipment 
was used to measure and collect the stress, strain, force, 
and deformation of the specimen. The computer was used 
to synchronize and automatically record them in real-time. 
The main measuring instruments included force transducer 
for servo actuator (50 T-MTS201.70), draw-wire displace-
ment sensor, thimble displacement meter, and resistance 
strain gauge.

2.6 � Loading Protocol

Incremental displacement loads were applied on the beam 
end for each specimen. The yield displacement of each 
specimen was estimated through preliminary finite element 
analysis. The results indicated that the yield displacements 
of H–H, B-H, and B-B joints were about 10 mm under the 
condition of 1 mm initial crack on the lower flange sur-
face, so the minimum value of 10 mm was selected as the 
experimental standard. Since the connection with the ini-
tial crack is prone to fracture, the incremental magnitude 
of the displacement load should not be too large so as to 
ensure that the phenomena and results of the experimental 
test are more complete and elaborately recorded. The load-
ing began with two cycles of 1/4 the yield displacement of 
Specimen IV (ie., 2.5 mm) for each specimen, followed by 
two cycles of multiples of 2.5 mm (ie., 2.5 mm, 5.0 mm, 
7.5 mm, etc.) until failure or the limitation of the actuators. 
The loading procedure is illustrated in Fig. 5. It should be 
noted that it is in the positive direction of the displacement 
loading when the beam flange containing the initial crack 
(if there are any) is subjected to a tensile force.

3 � Experimental Results

3.1 � Crack Propagation and Connection Failure 
Mode

To study the stress and strain changes in the weld zone 
of beam-column joints during the test loading process, 
instruments were arranged in the corresponding posi-
tions for real-time measurement. The data were processed 
and compared with ABAQUS finite element stress–strain 
curve to verify the stress development and distribution 
law. According to the feedback of the strain gauge in the 
test, when the loading displacement of the beam end was 
in the unyielding phase, the data measured by the sensor 
can be used basically. When the strain gauge exceeds the 
range, the strain data is gradually overloaded and presents 
a discrete phenomenon.

The crack propagation and the failure modes of each 
specimen under the action of the low cyclic displacement 
loads were observed in the experimental test. The stress 
distribution of joints was different under different struc-
tural types, but the development law was consistent. The 
stress concentration was obvious at the weld position of 
the flange of Specimen IV, so the crack of the B-B joint 
occurs first when the stress of upper and lower flanges 
along the weld direction reaches 352.7 Mpa. As the crack 
develops, the strain gauge exceeded the range and became 
overloaded. For Specimen I, a new crack that occurred 
during the 14th cycle appeared in the middle of the ini-
tial notch. Subsequently, the new crack spread along the 
path of the initial crack heading toward the two sides, and 
the initial crack was rapidly covered in the direction of 
the beam flange width. During the final cycle, the crack 
propagating trajectory suddenly deviated at both sides of 
the flange width and then the beam flange fractured there, 
as shown in Fig. 6a, possibly due to the influence of the 
residual stress at the welding toe.

For Specimen II, firstly a microcrack appeared at the 
junction of the beam flange surface during the 18th cycle 
and the weld access hole corner. As the amplitude of dis-
placement loading gradually increased, it can be observed 
that the crack appeared on the other surface of the beam 
flange opposite to where it first appeared, indicating that 
the flange was penetrated by the crack in the direction of 
thickness. Then the beam flange was gradually torn along 
the width direction and finally fractured. The fracture sur-
face of Specimen II was roughly aligned with the corner of 
the weld access hole in the horizontal direction (Fig. 6b).

The new cracks of Specimens III and IV both appeared 
in the middle of the initial crack notch before the 10th 
cycle, which was the same place as observed in Specimen 
I. Then the cracks quickly spread along the path of the 
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initial crack and gradually extended into the weld. Finally, 
the beam flanges with the initial crack were penetrated 
by the spreading new cracks and fractured as shown in 
Figs. 6c, d for Specimens III and IV, respectively. The 
crack propagation of Specimens III and IV was similar to 
that of Specimen I except for having no crack deviation. It 
can be concluded that the crack propagation and fracture 
position of the steel beam-to-column connection will be 

significantly changed if there is an initial crack existing in 
the beam flange weld.

The main process of crack propagation, the corresponding 
cycle number (n), and loading displacement amplitude (D) 
are summarized in Table 3, where “crack appearing” means 
that the new crack appears during loading; “penetrating or 
covering” means the new crack penetrates the beam flange in 
the direction of thickness for Specimen II, or the initial crack 

H-shaped beam

H-shaped column

H-shaped beam

H-shaped column

fracture surface is roughly aligned 
with the weld access hole corner

(a) (b)

H-shaped beam

box column

fracture at initial crack

box column

weld access hole

fracture at initial crack
box beam

(c) (d)

Fig. 6   Fracture position at the beam flange: a Specimen I, b Specimen II, c Specimen III, and d Specimen IV

Table 3   Summssary of the experimental test results

Specimen Crack appearing Penetrating or 
covering

Flange fracture Ki (kN/mm) Fy (kN) δy (mm) Fu (kN) δu (mm) μ

n ∆ (mm) n ∆ (mm) n ∆ (mm)

I 14 17.5 18 22.5 20 25.0 12.30 178.7 12.0 263.0 25.0 2.1
II 18 22.5 22 27.5 26 32.5 12.28 177.4 12.1 287.5 33.8 2.8
III 9 12.5 11 15.0 14 17.5 16.89 185.7 12.0 236.0 17.3 1.4
IV 7 10.0 9 12.5 12 15.0 16.72 189.7 11.9 227.9 14.9 1.3
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is covered in the direction of beam flange width by the new 
crack for Specimens I, III, and IV; “flange fracture” means 
the beam flange fractures caused by the crack propagation, 
that is, the specimen failure. The failure process of the test 
specimens is roughly in the following stages. Firstly, micro-
cracks appear in local positions. Then the cracks continu-
ously deepen and expand until they develop into penetrating 
cracks. Finally, fracture failure occurs in the test specimens 
with sudden noise. The cycle number and displacement 
amplitude at each crack propagation stage of Specimen I 
are less than those of Specimen II, and Specimen I had only 
6 cycles from new crack appearance to specimen failure, 
which is 2 cycles less than that of Specimen II, indicating 
that the crack propagation of Specimen I developed earlier 
and faster than that of Specimen II. It can be concluded that 
under repeated loading, the initial crack at the weld of a 
single beam flange not only changes the crack propagation 
mode, but also accelerates the speed of crack initiation and 
propagation, and reduces the structural ductility. Among all 

the specimens with the initial crack, Specimen IV was the 
first to have new crack initiation and fracture, followed by 
Specimen III, and the last was Specimen I. This shows that 
although the crack propagation modes of Specimens I, III, 
and IV are similar, their developing rates differ a lot.

3.2 � Hysteretic Behavior

Figure 7 plots the hysteresis and skeleton curves of the 
experimental specimens. Specimen II had full hysteresis 
loops and a good energy dissipation capacity, while Speci-
men I, III, and IV showed flat hysteresis curves with a small 
area of hysteretic loops and a poor energy dissipation capac-
ity, due to the presence of the initial crack. By comparing 
the hysteresis curves of Specimens I, III and IV, it can be 
found that the hysteretic properties of different connections 
with the initial crack are significantly different; Specimen I 
had the most hysteretic cycles and the largest hysteresis loop 
area, followed by Specimen III, while the last was Specimen 

Fig. 7   Hysteresis and skeleton curves: a Specimen I, b Specimen II, c Specimen III, and d Specimen IV
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IV. As for the skeleton curve, Specimen II had the complete 
stages of elasticity, elastoplasticity, and strength degrada-
tion, while Specimen I had only the stages of elasticity and 
unabiding elastoplasticity before failure. The skeleton curves 
of Specimens III and IV were broken off when they just 
enter the elastoplastic stage, which shows the characteristic 
of brittle failure.

The results of the initial stiffness (Ki), yield strength (Fy), 
ultimate strength (Fu), yield displacement (δy), ultimate dis-
placement (δu) and ductility coefficient (μ) of the experi-
mental specimens are shown in Table 3, and the ductility 
coefficient (μ) can be calculated as follows.

The initial stiffness, yield strength, and displacement of 
Specimen I are almost the same as those of Specimen II, but 
the ultimate strength, displacement, and ductility coefficient 
decreases by 8.5%, 26.0%, and 25.0%, respectively, indicat-
ing that the presence of the initial crack would weaken the 
ultimate strength of the H–H connection, and significantly 
reduce the ultimate deformation and ductility. By compar-
ing the results of Specimen I, III, and IV, it can be seen that 
although the yield strength of Specimen I is slightly lower, 
its ultimate strength is 10.3% and 13.3% higher than that 
of Specimens III and IV, respectively. The yield displace-
ments of the three specimens are basically the same. How-
ever, the ultimate displacements of Specimen III and IV are 
reduced by 30.8% and 40.4%, respectively when compared 
with that of Specimen I, and it results in the reduction of 
ductility coefficient by 33.3% and 38.1%, respectively. It can 
be concluded that the ultimate displacement and ductility 
of the connections with box columns are significantly less 
than those of the connections with H-shaped columns, which 
can be inferred that the box column has a greater restraint 
on the deformation of the beam resulting in a reduction on 
structural ductility.

4 � Finite Element Analysis

4.1 � Modeling Approach

The extended finite element method (XFEM) was proposed 
by Belytschko and Black in 1999, which can be used to 
simulate the crack propagation (Belytschko & Black, 1999; 
Belytschko et al., 2003). This method can improve the ele-
ment shape function to adapt to the discontinuity of elements 
so that the mesh can be generated completely according to 
the structure shape, and there is no need to remesh when 
modelling the crack. The XFEM can separate the mesh 
boundary of the crack model from that of the conventional 
model part, and the crack model can be meshed separately 

(1)� = �u∕�y

and regularly without considering the crack tip size. This 
is because that a particular asymptotic field function of the 
crack tip is adapted to reflect the stress singularity charac-
teristics in the crack tip region without dividing high-density 
meshes. Therefore, the XFEM greatly simplifies the mesh-
ing and reduces the computational resources, so as to easily 
simulate the three-dimensional (3D) finite element model 
with crack propagation.

Four 3D finite element models of the steel beam-to-col-
umn connections with the initial crack were established in 
ABAQUS software, and the initial crack at the weld was 
simulated through the function of Seam Crack in the XFEM 
module. The maximum principal stress theory was used as 
the damage criterion. In details of the damage parameter 
setting, the energy criterion was adopted for the damage 
evolution, the softening mode was set to linear, and the deg-
radation mode was set to maximum degradation. Then the 
power law was employed for the mixed-mode behavior, and 
the power parameter was set to 1. In addition, the energy 
model was adopted in the model mix ratio, and the damage 
stability parameter was set as 1 × 10–5 to ensure good con-
vergence in the calculation.

The material nonlinearity was considered during the 
analysis by adopting a bilinear stress–strain relation as that 
in Table 1. The weld model was not established separately, 
but included in the steel beam model, and the weld was 
simulated by partition and material attribute assignment. 
A shell model of the initial crack was embedded into the 
weld part of the bottom beam flange, and the embedding 
position was the same as that in the experimental specimen. 
8-node and hexahedral reduced (C3D8R) elements were 
used for the beam, column, and weld of the finite element 
model, while 4-node reduced integration (S4R) elements 
were adopted for the initial crack model in the weld. The 
mesh was refined in the elements which are in the vicinity 
of the weld to obtain more accurate calculation results. Take 
the meshing for Specimen I as an example, and the mesh-
ing result is shown in Fig. 8. The von Mises yield criterion 
of ABAQUS is adopted in the damage process, which is a 
mixed model of isotropic and follow-up strengthening. Then, 
a nonlinear full Newton–Raphson direct method was used 
for the analysis. Increment step size was set to automatic to 
be controlled by the program. All the degrees of freedom 
were restrained at one end of the column, and an axial force 
of 500 kN was applied to the other end, which was restrained 
for the remaining degrees of freedom. The cross-section of 
the beam end in the loading position was coupled to a refer-
ence point and then the cyclic displacement load used in the 
experimental test was applied to the reference point. In addi-
tion, the factor of welding residual stress was not considered 
in the finite element analysis.

The mesh of weld position was set as 0.5, 1.0, 1.5, 2.0, 
and 2.5 respectively, and then the changes under fatigue 
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load were compared. According to the sensitivity analysis 
of macroscopic crack length and element size, the mesh size 
of weld position was determined to be set as 1.5 mm.

5 � Results and Comparison 
with Experimental Test

Figure 9 shows the failure mode of each specimen in the 
finite element analysis. The fracture positions were almost 
the same as those of the experimental test as shown in Fig. 6, 
that is, Specimen I, III, and IV all fractured at the location 
of the initial crack, while Specimen II fractured at the steel 
beam flange with a fracture surface aligned with the weld 
access hole corner.

Figure 10 shows the comparison of the hysteresis curve 
results between the finite element model and experimental 
test. The hysteresis curves of the experimental Specimens 
I, III and IV show a pinching slip near the zero coordinates. 
This is due to the fact that the initial crack formed by arti-
ficial cutting has a width of 0.5 mm, and it is cannot be 
ignored in the experimental test. When the applied load 
returns to zero, only a small force is needed to close the 
crack while a large displacement is occurred, which leads 
to a slip as the experimental results indicate. However, the 
initial crack in the finite element model is a two-dimensional 
surface without a width, and this phenomenon of slipping 
does not occur. In addition, although the cycle numbers of 
some finite element curves are slightly different from those 
of the experimental test curves (ie., the finite element curve 
of Specimen I is reduced by 1 cycle, and that of Specimen II 
is reduced by 2 cycles), the hysteretic curve of the finite ele-
ment model is still in good agreement with the experimental 
test curve. It can be concluded that the XFEM can effectively 
simulate the crack propagation and the hysteretic behavior 
of the connection under low cyclic loads.

6 � Influence of the Initial Crack

6.1 � Hysteretic Behavior and Failure Mode

Existing pieces of literature (Joh & Chen, 1999; Xu & 
Ellingwood, 2011) have shown that the size of cracks has 
a great impact on structural performance, thus the uncer-
tainty of the initial crack size cannot be ignored. Herein, the 
depth of the initial crack (dc) was set as 0, 1, 2, and 3 mm, 
respectively, to discuss the effect of different initial crack 
depths on the seismic performance of the beam-to-column 
connection through finite element analysis. The type and 
geometric dimensions of the beam-to-column connections, 
and the initial crack position remain the same as aforemen-
tioned. Herein, the connections are denoted in the form of 
A-b, where A means the connection type, and b means the 
depth of the initial crack (eg., HB-2 refers to the H-B con-
nection with an initial crack depth of 2 mm).

Figure 11 shows the hysteresis curves and failure modes 
of the connections with different initial crack depths. For 
the connections without the initial crack, HH-0 has the 
largest number of hysteresis cycles and maximum hyster-
esis loop area, which indicates HH-0 has the best hyster-
etic performance among the three types of the connections 
without the initial cracks, followed by HB-0, and BB-0 
has the worst hysteretic performance with a maximum 
displacement being only half of that of HH-0, showing 
brittle failure. It can be seen that the number of hyster-
esis cycles of each connection decreases gradually with 
the increase of initial crack depth. The relation between 
the cycle number of each connection and the initial crack 
depth is plotted in Fig. 12. The H-H connection has the 
maximum cycle number among the three types of connec-
tions no matter what the initial crack depth is. For the H-B 
and B-B connections, when the initial crack depth is no 
more than 2 mm, the B-B connection has the lower cycle 
number, while when the initial crack depth is 3 mm, the 

initial crackbottom beam flange

weld access hole weld

column

Fig. 8   Meshing for the finite element model
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B-B connection has more cycles than the H-B connection. 
In general, although B-B connections do not have many 
hysteresis cycles in the case of different crack depths, the 
cycle number of them decreases the least within the range 
of 0 to 3 mm crack depth, which indicates that the hyster-
etic performance of the B-B connection is the least insen-
sitive to the initial crack depth.

It can also be concluded from Fig. 11 that the presence 
of the initial crack at the weld has a great influence on the 
fracture positions of the H-H and H-B connections. The frac-
ture positions of HH-0 and HB-0 were aligned with the weld 
access hole corner, while BB-0 fractured at the weld of the 
beam end due to the maximum stress there; the remaining 
specimens all fractured at the location of the initial crack, 
and the initial cracks with different depths do not change the 
fracture position because these connections have stress con-
centration at their initial crack tips no matter how long the 
crack depths are, and when the stress exceeds the maximum 
principal stress, the crack will be opened and expanded to 
specimen fracture.

The bearing strength and deformation capacities of the 
specimens are shown in Table 4. In general, the results of the 
specimens with the same connection type show a decreasing 
trend with the increase of the initial crack depth. Except for 
HH-0, HB-0, and BB-0, the properties of the specimens are 
generally asymmetric in two directions; the yield strength 
and displacement, and ultimate strength of these specimens 
are lower when the loading direction is positive. This is 
because, during the positive loading, the initial crack at the 
weld of the single beam flange is opened, which results in 
the seismic performance of the connection being reduced; 
when the specimen is negatively loaded the crack is closed, 
which has little impact on the connection performance.

The relation between the positive ultimate strength of the 
specimen and the initial crack depth is plotted in Fig. 13. It 
can be seen from Table 4 that the presence or absence of 
initial cracks has a significant impact on the strength degra-
dation of joints. The ultimate bearing capacity of the joints 
with initial cracks decreases about 22% under reciprocating 
load. When the initial crack depth is less than 2 mm, the 

fracture at initial 
crack surface

fracture aligned with
weld access hole corner

(a) (b)

fracture at initial 
crack surface fracture at initial 

crack surface

(c)              (d)

Fig. 9   The fracture mode of the FE model: a Specimen I, b Specimen II, c Specimen III, and d Specimen IV
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H-H connection has the maximum ultimate strength, fol-
lowed by the H-B connection, and the last is the B-B con-
nection. However, the ranking result is different when the 
initial crack depth is 3 mm; the ultimate strength of the B-B 
and H-H connections is both 41.15 kN higher than that of 
the H-B connection.

According to the specification for a seismic test of build-
ings (JGJ/T 101-2015 2015), the structural failure load 
should be taken as 85% of the ultimate strength of speci-
mens. Through interpolation calculation, the ultimate 
strength value, which is equivalent to 85% of the ultimate 
strength of the specimen without initial crack, is marked in 
Fig. 13. According to the interpolation calculation results, 
when the initial crack depths of the H-H, H-B, and B-B 
connections are 1.26, 1.63, and 2.59 mm, respectively, the 
connection fails due to insufficient maximum strength bear-
ing capacity. It can be seen that the increase of the initial 
crack depth has a great impact on the ultimate strength 
bearing capacity of H-H and H-B connections. In practical 

engineering, the welding quality of steel beam-to-column 
connections, especially the H-H and H-B connections, 
should be ensured during the welding construction process. 
After earthquakes, it is necessary to monitor and check the 
crack size in time to ensure that the strength bearing and 
deformation capacities of beam-to-column connections 
meeting the requirements.

6.2 � Strength Degradation

The strength degradation of steel beam-to-column con-
nections is caused by the plastic development of structural 
components and continuous crack propagation. The strength 
degradation coefficient (λ) can be calculated as followed.

(2)� =
FP − Fc

FP

Fig. 10   Comparison of the hysteresis curves between the FE model and experimental test: a Specimen I, b Specimen II, c Specimen III, and d 
Specimen IV
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Fig. 11   Hysteresis curve and 
failure mode: a HH-0, b HB-0, 
c BB-0, d HH-1, e HB-1, f 
BB-1, g HH-2, h HB-2, i BB-2, 
j HH-3, k HB-3 and l BB-3
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where FP is the strength bearing capacity corresponding 
to monotonic loading; Fc is the strength bearing capacity 
corresponding to cyclic loading.

Figure  14 shows the relation between the strength 
degradation coefficient and the cycle number of each 
specimen, and the sign of the x-axis reflects the loading 

direction. The specimens of HH-0, HB-0, and BB-0 have 
little strength degradation when the cycle number is not 
large, but at the late loading stage, the strength degrada-
tion coefficients of the three specimens without the ini-
tial crack increase sharply due to the crack propagation, 
and show obvious asymmetry in different directions. For 
the H-H connection with the initial crack, their strength 
degradation coefficient is 0 at the primary stage, then 
they increase abruptly for the first time. After the sud-
den increase, the curves begin to decrease and then rise 
again until the last few cycles. The strength degradation 
coefficient curves generally present a trend of rising-
descending-rising. The reason for the first rise is that the 
H-H connections crack preferentially under cyclic loading, 
resulting in strength degradation. Subsequently, due to the 
cracking of the connections under monotonic loading, the 
strength degradation coefficients decrease. Finally, under 
cyclic loading, the strength degradation coefficients near 
the connection failure increase again as it enters the stable 
degradation stage, which is consistent with the hysteresis 
effect of crack growth. Although the strength degradation 
coefficient curves of the H-B connections are similar to 
those of the H-H connections, the ranges of their degrada-
tion coefficient values are relatively limited. The strength 
degradation coefficients of the B-B connections are low 
at the initial stage of loading. Then their positive curves 
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Fig. 12   Relation between the number of cycles to failure and initial 
crack depth
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increase sharply during the last few cycles, while the nega-
tive curves are asymmetric and the increase is modest.

It can be concluded that the larger the initial crack depth 
is, the greater the strength degradation is and the earlier 
it occurs. Moreover, the strength degradation of the H-H 
connection under cyclic loading is the most sensitive to 

the initial crack, followed by that of the H-B connection. 
Although the B-B connection has obvious brittle failure 
characteristics, its strength degradation is the least affected 
by the initial crack, because no matter whether the B-B 
connection contains the initial crack or not, it is very low 
except for the sharp increase in the late loading stage near 
the fracture.

6.3 � Dissipated Energy

Figure 15 shows the dissipated energy of each specimen 
under the action of the low cyclic loading. When there is no 
initial crack, the energy dissipation of the H–H connection 
is 2.27 and 3.73 times that of the H-B and B-B connections, 
respectively. With the increase of the initial crack depth from 
0 to 1 mm, the dissipated energy of all specimens decreases 
sharply, which is particularly obvious in the H-H connec-
tion. As the initial crack depth increases from 0 to 1 mm, 
the dissipated energy of the H-H connection decreases by 
67.1%, and when the initial crack depth increases from 2 
to 3 mm, the dissipated energy decreases by only 8.4%, 
which indicates that the energy dissipation capacity of the 
H-H connection is very sensitive to the initial crack with 
a smaller depth. In addition, although the energy dissipa-
tion of the H-B connection is 64.7% higher than that of the 

Table 4   Results of FE analysis Connection dc (mm) Direction Ki (kN/mm) Fy (kN) δy (mm) Fu (kN) δu (mm) �

H–H 0 Positive 11.73 176.71 17.26 252.35 29.95 1.74
Negative 11.73 179.36 16.76 258.85 29.74 1.77

1 Positive 11.71 160.34 14.75 224.19 22.20 1.51
Negative 11.73 160.42 15.27 228.52 23.04 1.51

2 Positive 11.71 130.14 11.70 174.37 17.38 1.49
Negative 11.73 147.79 13.22 196.03 17.59 1.33

3 Positive 11.71 129.36 11.41 172.20 17.17 1.51
Negative 11.73 147.59 13.20 196.02 17.57 1.33

H-B 0 Positive 16.66 147.46 11.86 221.19 19.90 1.68
Negative 16.66 159.73 11.53 245.02 19.90 1.73

1 Positive 16.64 138.34 9.03 203.86 14.66 1.62
Negative 16.65 144.44 9.37 210.36 14.87 1.59

2 Positive 16.64 130.98 8.09 178.70 12.36 1.53
Negative 16.67 136.40 8.92 185.20 12.36 1.39

3 Positive 16.57 95.13 6.12 131.05 9.92 1.62
Negative 16.66 125.11 7.59 163.54 9.92 1.31

B-B 0 Positive 16.45 142.63 9.59 204.69 15.08 1.57
Negative 16.45 144.39 9.62 202.53 14.66 1.52

1 Positive 16.44 134.11 8.84 187.37 14.66 1.66
Negative 16.45 142.04 9.22 200.53 14.47 1.57

2 Positive 16.41 129.28 8.56 176.53 12.36 1.44
Negative 16.44 134.49 8.81 183.03 12.15 1.38

3 Positive 16.41 124.33 8.13 172.20 12.15 1.49
Negative 16.45 132.40 8.55 180.87 12.15 1.42

Fig. 13   The relation curve of the positive ultimate load and initial 
crack depth
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B-B connection when there is no initial crack, the dissipated 
energy of the H-B connection becomes almost the same 
when the initial crack depth is 2 and 3 mm, which indicates 
that the initial crack depth has less influence on the energy 
dissipation capacity of the B-B connection.

7 � Conclusion

To investigate the influence of initial surface notches caused 
by welding defects on the seismic performance of welded 
steel beam-to-column connections, three experimental speci-
mens with the same artificial cracks and different connec-
tion types (the H-H, H-B, and B-B connections) as well as 
a specimen (the H-H connection) without any initial cracks 

were tested. Through the XFEM in ABAQUS software, the 
influence of the depth of the initial crack on the seismic per-
formance of these connections was discussed by comparing 
the hysteretic behaviors, failure modes, strength degrada-
tion, and energy dissipation. It is assumed that the initial 
crack spreads along the weld of a beam flange and its cross-
sectional size remains the same along the weld length to 
facilitate the operation and reduce errors during the crack 
manufacturing process. The factors of the location and size 
of the initial crack are not considered during the research and 
these limitations are worth to be optimized in future studies.

It can be concluded that the crack propagation and frac-
ture modes of welded steel H-H and H-B connections will 
be significantly changed if there is an initial crack existing 
in the weld of a single beam flange. In detail, connections 

Fig. 14   Strength degradation coefficient: a H–H connection, b H-B connection, and c B-B connection
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with the initial crack will crack at initial crack notches and 
fracture there regardless of the depth of the initial crack 
and connection types. As for H-H and H-B connections 
without any initial cracks, the crack and fracture occur in 
the location of the beam flange where is aligned with the 
weld access hole corner, while B-B connections without 
initial cracks fracture at the welds of beam flanges due to 
large stress there, which is the same as the case with the 
initial crack.

The initial stiffness of connections is scarcely affected 
by the initial crack, while the ultimate strength, defor-
mation, ductility, and energy dissipation are significantly 
reduced, and these hysteretic behaviors are asymmetric in 
two loading directions due to the presence of the initial 
crack. When there is no initial crack, the hysteretic perfor-
mance, ultimate displacement, and ductility of connections 
with box columns are significantly less than those of con-
nections with H-shaped columns, indicating brittle failure 
in B-B connections.

Among the three different connection types, the seismic 
performance of H-H connections is the most sensitive to 
the depth of the initial crack, followed by that of H-B con-
nections, and the depth of38the initial crack has less influ-
ence on the seismic performance of B-B connections. As a 
result, the weld quality of steel beam-to-column connections 
especially the H-H and H-B connections should be carefully 
checked and monitored during the welding construction pro-
cess and after earthquakes to ensure that the strength bearing 
and deformation capacities meeting the requirements.
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