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Abstract: The quantitative calculation and evaluation of seismic damage play a crucial role in
ensuring structural safety, conducting performance-based structural analysis, and implementing
seismic strengthening measures. However, there is limited research on the damage performance of
blind-bolted T-stub steel connections used extensively in prefabricated buildings. In this study, the
tensile sub model of a blind-bolted T-stub steel connection in a beam–column joint is investigated.
The influence of the flange and web thickness of the T-stub connector, as well as the shear-loaded
connecting bolts on the web of the T-stub, on the tensile performance of the sub model are considered.
Four tensile destructive tests are conducted on a T-stub connector connected to a hollow section
column using blind bolts. The experimental results, including failure modes, force–displacement
curves, and strain development in the hollow section column and T-stub, are discussed and analyzed
in this study. The test results reveal three main failure modes for this tensile substructure: the plastic
deformation of the hollow section column, the bending fracture of the T-stub flange, and the fracture
of the T-stub web bolt holes due to compression. Furthermore, a ductile damage finite element
analysis method is employed to simulate the fracture damage process of the substructure, and the
corresponding damage index is calculated using the typical Park–Ang damage model for evaluation,
showing good agreement with the damage classification levels specified in FEMA.

Keywords: damage index; T-stub; hollow section steel column; blind bolt; finite element model

1. Introduction

The emergence of blind bolts as an innovative alternative has introduced a new di-
mension to structural connections. Blind bolts offer the advantage of unilateral installation,
thereby reducing the necessity for access to both sides of the connection. This feature
proves particularly advantageous when dealing with intricate geometries or retrofitting
existing structures. The traditional rectangular steel tube column and H-beam connection
joints are primarily connected through welding, exhibiting characteristics of high stiffness
and load-bearing capacity [1,2]. These types of joints are commonly simplified as ideal
rigid connections [3]. However, investigations into the damage caused by the Northridge
earthquake in the United States and the Kobe earthquake in Japan have shown that these
welded rigid joints are prone to brittle fracture failures at the beam’s upper and lower
flange weld locations under the seismic effects [4–6]. On the other hand, semi-rigid joints
with bolted connections have exhibited fewer instances of brittle failure [7]. Furthermore,
utilizing bolted connections in steel structures allows for the use of prefabricated connec-
tions, leading to enhanced efficiency during on-site installation [8,9]. Recently, there has
been a gradual adoption of blind bolts as a novel fastening solution for hollow square steel
tube (HSST) members [10,11]. This application addresses the limitations of conventional
high-strength bolts when used in such connections. The blind bolt, characterized by its

Buildings 2023, 13, 2603. https://doi.org/10.3390/buildings13102603 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13102603
https://doi.org/10.3390/buildings13102603
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings13102603
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13102603?type=check_update&version=2


Buildings 2023, 13, 2603 2 of 19

one-sided tightening, reliable load-bearing performance, ease of installation, and excellent
seismic resistance, offers distinct advantages. These advantages effectively overcome the
challenges associated with conventional high-strength bolts in closed-section connections
involving hollow square steel tube (HSST) members [12,13].

In the field of structural engineering, the performance and reliability of connections
play a pivotal role in ensuring the overall safety and stability of building structures. At
present, the design method used for bolted beam–column joints usually adopts the com-
ponent method recommended in Eurocode 3. This method can be used to analyze the
bending moment bearing capacity, initial rotational stiffness, and rotational capacity of
steel frame beam–column joints. The component method in Eurocode 3 [14] can reasonably
predict the performance of bolted beam–column end plate connections. This approach
simplifies the connection into three regions: tension zone, compression zone, and shear
zone. The overall behavior of the connection is derived from amalgamating the individual
responses of each component. An equivalent T-stub is the most important component in
the tension zone of the beam–column joint. The research on the mechanical characteristics
of T-stubs has mainly focused on the test, finite element numerical simulation, and classical
mechanical analysis. In the research by SWANSON [3], an investigation was carried out on
48 prototypical T-stub steel connections. The study delved into the failure modes of these
T-stub connections, considering different flange thicknesses and bolt spacings. The research
explored how the flange-prying forces and web plate tensile capacity were influenced by
these variations, while also analyzing the mechanisms responsible for energy dissipation
within these connections. The utilization of high-strength steel as the material for T-stub
connections has been the subject of exploration in several studies [15–17]. In these studies,
the differences in the mechanical performance of T-stub connections were examined, taking
into consideration Q690 high-strength steel and Q345MPa mild steel. By comparing the
experimental results with EC3 design formulas, it was determined that the direct appli-
cation of EC3 design formulas is not feasible for predicting the yield-bearing capacity of
T-stub connections constructed using high-strength steel. The numerical modeling methods
for T-stub connections employing stainless steel bolts were explored by YAPICI O [18,19].
The optimal modeling approach was determined, and an analysis was conducted on the
mechanical performance of T-stub connections with stainless steel bolstering. Wang [13,20]
studied the failure mode of the connections using blind-bolted T-stubs and HSST under
tension. Wang also made enhancements to the Gomes model and Yeomans model and
proposed a design approach for the tensile yield strength of blind bolt connections. Ad-
ditionally, the study examined the mechanical behavior of this connection under cyclic
loading, analyzing strength degradation, deformation capacity, and stiffness reduction.

It can be observed that although there have been numerous achievements in previous
research regarding blind-bolted T-stub connections, the relevant research results on the
quantitative calculation and evaluation of the damage to this connection are very limited.
The quantitative calculation of damage and seismic damage assessment in beam–column
joints are very important for the safety of steel frame structures, performance-based struc-
tural analysis, and seismic reinforcement. Therefore, it is highly imperative to investigate
the damage and failure patterns of connections using blind-bolted T-stubs and HSST. In this
research, the failure process and load–displacement relationship of this kind of connection
were studied through experiments. The finite element numerical model of the connection
was established, and the fracture simulation of the joints was carried out using the material
constitutive model of ductile damage. On the basis of test and finite element analysis, the
damage index model was used to calculate the damage of the connections using blind-
bolted T-stubs and HSST, and the damage assessment was carried out according to the
structural performance level specified by FEMA365.
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2. Experimental Investigation
2.1. Test Specimens

Since the thickness of the web and flange of the T-stub, and also the bolts on the
connecting web, have a great influence on the connection of HSST to T-stubs connected
using blind bolts, four specimens with a ratio of 1:1 were designed in this study and a
monotonic tensile load test was conducted on them. The connection studied in this research
can be divided into three parts according to the component method, namely the T-stub, the
HSST, and the blind bolts, as shown in Figure 1. The specimen IDs and related information
are listed in Table 1. The section of HSST is 250 × 250 × 12 with a length of 1.5 m. All
T-stubs had a cross-section of 270 mm × 200 mm, thickness of flange, tf, of 10 mm or 30 mm,
and a thickness of web, tw, of 8 mm or 9 mm, as shown in Figure 2. Blind bolts were used
to connect the T-stub to the HSST, and conventional bolts were used to connect the web of
the T-stub. All bolts adopted in the test were M20 high-strength bolts conforming to the
Class 10.9 catalog, that is, the nominal diameter, d, of the bolts was 20 mm and the nominal
yield strength was not lower than 1000 MPa. Blind bolts are nested bolts, with a bolt hole
diameter of 30 mm and a bolt hole of 24 mm for connecting the web of the T-stub, as shown
in Figure 1.
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2.2. Material Properties

The steel used in all of the connection specimens, i.e., the HSST, flanges, and webs of
the T-stub connectors, came from the same batch of Q235 to make standard metal tensile
test specimens. There were five groups of tensile specimens, with 3 specimens in each
group, for a total of 15 specimens. The test results are taken as the average value of each
group. Table 2 lists the mechanical properties of the steel specimens, where fy is the yield
strength of the steel, fu is the ultimate strength of the steel, and E is the elastic modulus and
elongation. The material characteristics of the bolt were provided by the manufacturer. The
yield strength was 950 MPa, the tensile strength was 1060 MPa, the elastic modulus was
210 GPa, the Poisson’s ratio was 0.3, and the elongation was 20%.

Table 2. Mechanical properties of steels.

Samples Sample Thickness/mm fy/MPa fu/MPa E/GPa Elongation/%

HSST 12 283 456 203 30.0
T-stub
flange

12 266 423 201 38.7
14 287 448 198 36.3

T-stub
web

8 281 453 208 33.5
9 313 464 206 32.1

2.3. Test Setup and Instrumentation

The test equipment consists of a rigid reaction frame, an electro-hydraulic servo
loading system, and a fixing device. The maximum load of the electro-hydraulic servo
actuator is 1000 kN, with a moving stroke of ±250 mm. The test installation scheme is
shown in Figure 3, and the test site can be seen in Figure 4. The T-stub was connected to
the HSST by blind bolts using a torque wrench with a torque value of 300 N·m. The tensile
load applied to the T-stub and the displacement in the vertical direction of the T-stub web
were measured during the test. Strain gauges were placed on the web and flange of the
T-stub, and also on the wall of the hollow square steel tube. The strain gauge layout is
shown in Figure 5. The plastic deformation of the specimen was investigated according to
the collected strain data.
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The test was carried out according to two loading steps. The first step was preloading,
applying 25 kN of tensile force to the specimen at a loading rate of 5 kN/min. The purpose
was to eliminate the gap between the specimen and the installation of the test equipment,
and also to check the working state of the strain gauge. It was unloaded when the load
reached 25 kN. The second step was formal loading, applying tensile displacement at a rate
of 0.5 mm/min. During the test, if it was found that the test specimen was fractured, there
was obvious local buckling failure, or the force in the load–displacement curve monitored
by the test was less than 85% of the ultimate force, the test was terminated.
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3. Test Results
3.1. Failure Mode
3.1.1. HSST Wall Yielding

Figure 6 illustrates the failure mode of the HSST wall, and it can be seen from the figure
that the failure modes of the HSST wall all exhibit out-of-plane expansion deformation
caused by tension near the bolt hole. TJD-3 and TJD-4 featured T-stubs with bolts subjected
to shear forces, resulting in significantly larger out-of-plane deformations in the HSST
walls compared to specimens TJD-1 and TJD-2, which were tested without shear-loaded
connecting bolts. Moreover, the TJD-3 specimen, in which the flange and web thickness of
the T-stub were thinner than the other specimens, had the largest out-of-plane deformation
of the HSST wall under the tension state. Similarly, compared to the TJD-1 and TJD-2
specimens without bolts on the web of the T-stub, the out-of-plane deformation of the HSST
wall caused by the thinner web and flange thickness of the T-stub connector TJD-1 under
tensile force was greater than that of TJD-2.
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3.1.2. T-Stub Steel Fracture

As the tensile force reached the yield load, the flanges of all specimens’ T-stubs
underwent varying degrees of plastic bending deformation. With the continuous increase
in the load, the plastic deformation of the flanges of the T-stub intensified, and the flanges
became obviously separated from the wall of the HSST. At the ultimate load level, the
specimens TJD-1 and TJD-2 exhibited fractures at the junction of the T-stub web and flange,
as shown in Figure 7a,b. As shown in Figure 7c, where the web is connected by bolts in
specimen TJD-3, the T-stub experienced a complete fracture at the junction of the web and
flange. Under ultimate conditions, the T-stub of TJD-4 experienced severe compression
deformation at the bolt hole of the web. Consequently, a transverse fracture occurred along
the bolt hole, as depicted in Figure 7d.

3.2. Load–Displacement Curves

The load–displacement curves of all test specimens at the joints in all directions
are presented in Figure 8. The yield-bearing capacity, yield displacement, initial secant
stiffness, ultimate bearing capacity, ultimate displacement, and ductility coefficient of
the specimen can be analyzed according to the load–displacement relation curve. In this
study, the equivalent elastic–plastic energy method is employed to analyze the force–
displacement relationship curve, as illustrated in Figure 9. The peak load, Fmax, is obtained
by projecting the extremum point M from the force–displacement relationship curve onto
the force coordinate axis. Point D is obtained by projecting the extremum point M onto the
displacement coordinate axis. Drawing a line from any point C on the projected segment
of the force–displacement relationship curve to the origin point O ensures that the area of
the right-angled trapezoid OCMD is equal to the area enclosed by the force–displacement
relationship curve in the area of the quadrilateral OAMD, represented as SOCMD = SOAMD.
Subsequently, a perpendicular line drawn from point C on the displacement axis intersects
the curve at point B. The horizontal coordinate value of point B is the yield displacement δy,
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and the vertical coordinate value is the yield-bearing capacity Fy. The vertical coordinate
value of point M is the yield-bearing capacity Fu, and the horizontal coordinate value
of point N is the ultimate displacement δu. The ratio of yield-bearing capacity to yield
displacement represents the initial secant stiffness of the curve, while the ratio of the
ultimate displacement to yield displacement corresponds to the ductility of the specimen.
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Based on Figure 5 and Table 3, an analysis of the mechanical characteristics of the joints
can be conducted. Compared with TJD-1, the flange thickness of the T-stub is larger, and the
yield-bearing capacity of TJD-2 is increased by 20.46% and the ultimate bearing capacity by
5.24% compared to TJD-1. The initial tensile stiffness (Sc,ini) of TJD-2 is roughly equivalent
to that of TJD-1, and the ductility coefficient (µ) of TJD-1 is 39.77% higher than that of
TJD-2. Similarly, the flange thickness of TJD-4’s T-stub is larger than that of TJD-3, and the
yield-bearing capacity and ultimate bearing capacity of TJD-4 are increased by 14.29% and
14.56% compared with that of TJD-3. The initial tensile stiffness of TJD-3 differs by 3.89%
compared with that of TJD-4, and the ductility coefficient of TJD-3 is very close to that of
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TJD-4. Through the above analysis, it can be seen that increasing the thickness of the T-stub
flange has a significant effect on improving the yield-bearing capacity of the connection,
and the initial tensile stiffness of the connection is not significantly affected. Moreover, the
relatively thinner thickness of the HSST wall is prone to deformation compared to the other
components of the connection, which is the main reason why the initial tensile stiffness of
the connection is basically the same. The ductility coefficient of TJD-1 is higher than that of
TJD-2, because the T-stub’s flange thickness in TJD-1 is thinner; that is, the bending stiffness
is lower, and the flange has a large bending deformation after yielding, which increases the
ultimate displacement of the connection.
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Table 3. Characteristic values of connection tensile strength and corresponding displacement.

Specimen
ID Sc,ini/kN/mm Fy/kN δy/mm Fu/kN δu/mm µ

TJD-1 14.64 370.26 25.28 502.74 60.45 2.39
TJD-2 14.67 446.02 30.41 529.08 52.12 1.71
TJD-3 9.77 358.29 36.61 438.95 61.19 1.67
TJD-4 10.15 411.75 40.57 502.85 64.83 1.60

To analyze the influence of the bolted connection form on the mechanical character-
istics of the T-stub on the web, the mechanical properties of TJD-1 and TJD-3, as well as
TJD-2 and TJD-4, were compared. The yield-bearing capacity of TJD-3 with connecting
bolts in the T-stub web decreased by 3.23% compared to TJD-1, the ultimate load decreased
by 12.69%, the initial tensile stiffness decreased by 33.27%, and the ductility coefficient
decreased by 30.13%. Similarly, comparing TJD-4 and TJD-2, the yield-bearing capacity
of TJD-4 decreased by 7.68%, the ultimate load decreased by 4.96%, and the initial tensile
stiffness decreased by a maximum of 30.81%. The ductility also decreased by 6.43%. The
above analysis indicates that the bolts connected to the T-section web, which are subjected
to shear forces, have an obvious influence on the mechanical properties of the connection,
and each index has a varying degree of decline.

3.3. Strain Response

H1~H10 strain gauges are arranged on the HSST wall to measure the development
of out-of-plane deformation of the HSST wall under tension, as shown in Figure 5. Ex-
perimental testing revealed that the deformation of the HSST wall primarily occurs near
the bolt holes with larger forces and gradually develops around them. Therefore, based
on symmetry, strain gauges (H4, H6, H8) near one of the four bolt holes were selected
to analyze the deformation of the HSST wall. Figure 10 illustrates the trend of strain
development on the HSST wall. According to the distribution of strain development, the
strain (H6) between the two bolt holes along the length direction of the HSST developed
the fastest, followed by the strain (H4) at the edge of the column wall, indicating that the
deformation develops slowly in the initial stage of loading and rapidly in the later stage of
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loading. The strain development away from the bolt holes along the length of the HSST
gradually diminished.
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Figure 10. Strain development of the HSST tube wall. 

Figure 5 illustrates the response at the intersection of the flange and web of the T-
stub, where TL1 and TR1 represent the left and right strain gauges near the bolt at the 
junction of the flange and web, respectively, and TL3 and TR3 represent the left and right 
strain gauges near the bolt at the junction of the flange and web, respectively. It can be 
seen from Figure 11 that the strain development on the right side of the junction of the T-
stub flange was greater than on the left side. The main reason is that there was a gap be-
tween the bolt rod and the sleeve of the blind bolt. Under the action of loads during the 
initial phase, slight slippage occurred in the bolt rod, leading to uneven stress distribution 
in the flange of the T-stub, resulting in asymmetric strain development at the junction of 
the flange and web. As the load continued to increase, the screw, sleeve, and bolt hole wall 
of the blind bolt came into complete contact, and the strain gradually increased, with the 
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Figure 5 illustrates the response at the intersection of the flange and web of the T-stub,
where TL1 and TR1 represent the left and right strain gauges near the bolt at the junction
of the flange and web, respectively, and TL3 and TR3 represent the left and right strain
gauges near the bolt at the junction of the flange and web, respectively. It can be seen from
Figure 11 that the strain development on the right side of the junction of the T-stub flange
was greater than on the left side. The main reason is that there was a gap between the bolt
rod and the sleeve of the blind bolt. Under the action of loads during the initial phase,
slight slippage occurred in the bolt rod, leading to uneven stress distribution in the flange
of the T-stub, resulting in asymmetric strain development at the junction of the flange and
web. As the load continued to increase, the screw, sleeve, and bolt hole wall of the blind
bolt came into complete contact, and the strain gradually increased, with the strain value
in the middle being greater than that on both sides. When the load was applied to the
limit state of TJD-1, TJD-2, and TJD-3, the strains at the right-side junction of the flange
and web of the T-stub began to decline after the strain reached approximately 0.3; this is
consistent with the failure phenomena of the specimens TJD-1, TJD-2, and TJD-3. Under
the ultimate load state, the strain at the junction of the flange and web of the T-stub of
TJD-4 remained within the range of 0.04 to 0.06, indicating stable plastic deformation. The
main reason is that the thickness of the T-stub flange of TJD-4 was larger, and the thickness
of the web was unchanged. As a result, the plastic deformation of the T-stub connection
was mainly concentrated at the bolt holes of the web. When the load reached the ultimate
state, fractures occurred in the bolt holes of the web, causing the T-stub to be unable to
withstand any more pressure. Therefore, the plastic strain at the junction of the web and
flange of the T-stub remained stable.
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Figure 11. Strain development of the T-stub. 

4. Finite Element Analysis 
4.1. Finite Element Model 

In order to comprehensively analyze the mechanical performance of the T-stub con-
nected to the hollow section column using blind bolts under monotonic loads and the 
overall plastic deformation and failure mechanisms that are not reflected in the experi-
mental research, a nonlinear numerical simulation calculation of the test model was car-
ried out using the ABAQUS2021 software. Considering the symmetry of the model and 
the time involved in carrying out the finite element calculation, following References 
[21,22], the finite element model established in this study represents half of the entire 
structure. Figure 12a shows the finite element models of TJD-1 and TJD-2, and Figure 12b 
shows the finite element models of TJD-3 and TJD-4. The model included the component 
HSST, T-stub, high-strength blind bolts, sleeves, and high-strength bolts, and the element 
type C3D8R was selected. To enhance computational efficiency and convergence, different 
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4. Finite Element Analysis
4.1. Finite Element Model

In order to comprehensively analyze the mechanical performance of the T-stub con-
nected to the hollow section column using blind bolts under monotonic loads and the
overall plastic deformation and failure mechanisms that are not reflected in the experimen-
tal research, a nonlinear numerical simulation calculation of the test model was carried
out using the ABAQUS2021 software. Considering the symmetry of the model and the
time involved in carrying out the finite element calculation, following References [21,22],
the finite element model established in this study represents half of the entire structure.
Figure 12a shows the finite element models of TJD-1 and TJD-2, and Figure 12b shows
the finite element models of TJD-3 and TJD-4. The model included the component HSST,
T-stub, high-strength blind bolts, sleeves, and high-strength bolts, and the element type
C3D8R was selected. To enhance computational efficiency and convergence, different parts
and areas were used in different mesh sizes. The mesh size near the bolts, nuts, bolt rods,
washers, T-stubs, and bolt holes was set to 3 mm, and the mesh size of the remaining areas
was 9 mm. The contact relationships between all components in the finite element model
were defined as normal contact and tangential contact, in which the normal contact adopted
hard contact to prevent the penetration of the mesh model, and the tangential contact was
set with a friction coefficient of 0.3 [23,24]. The analysis was divided into three steps. The
first step was to apply a preload to all bolt cross-sections; the second step was to maintain
the deformation length of the bolt rod based on the preload; and the third step was to apply
a displacement load on top of the T-stub.
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4.2. Material Models

Two different material models were used for the finite element analysis. Based on the
experimental observations, it was evident that various degrees of fractures and damage
occurred at the junction between the flange and web of the T-stub, as well as at the bolt
holes in the web of the T-stub. Therefore, the constitutive model of Q235 steel considering
ductile damage was defined for the T-stub and HSST. High-strength bolts, blind bolts,
nuts, sleeves, and washers were modeled using a trilinear material model with isotropic
hardening [25].
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The T-stub and HSST were made of Q235 steel. Uniaxial tensile tests were conducted
on the materials used in the test, with an elastic modulus of E = 206 GPa and a Poisson’s
ratio µ = 0.3. The engineering stress–strain curve obtained from uniaxial tensile testing was
transformed into a true stress–strain curve according to Formulas (1) and (2), as shown in
Figure 13. The ductile damage model in ABAQUS and the element removal technique were
employed to account for the failure modes. Based on the behavior of the tensile specimens
and the principle of metal damage model described in Reference [13], the parameters of the
ductile damage initiation criteria and damage evolution laws were analyzed.

εture = ln(1 + εcon) (1)

σture = σcon(1 + εcon) (2)

where εcom and εcom are, respectively, the engineering strain and true strain, and σcom and
σture are, respectively, the engineering stress and true stress.
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The damage fracture criterion, that is, a functional relationship between the equivalent
plastic strain and the stress triaxiality, should be formulated, and the equivalent plastic
strain is ε

pl
0 at the onset of damage in the function of stress triaxiality θ. Corresponding

to the standard tensile test, the equivalent plastic strain at the initiation of damage can be
defined as ε

pl
0 = ε

pl
0 = ε

pl
n , where ε

pl
0 is the plastic strain obtained from the experimental

results of standard tensile tests, and ε
pl
n is defined in Figure 13a as the uniaxial true plastic

strain at the onset of the necking point. The function describing the relationship between
the equivalent plastic strain at the initiation of damage and stress triaxiality was established
based on both experimental data and theoretical insights provided by various researchers.
Trattnig et al. [26] carried out a series of experiments on austenitic steels, varying the
triaxiality conditions. Drawing from their experimental findings, they formulated an
exponential relationship between the equivalent plastic strain at fracture (εpl

f ) and triaxiality.
This relationship is expressed through Equation (3), which is characterized by the material
constants α and β. A similar fracture boundary was also theoretically derived by Rice and
Tracey [27], establishing an exponential connection between void growth rate and triaxiality.

ε
pl
f = α · exp(−β · θ) (3)
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The same expression formulated for the uniaxial strain state, according to the calcula-
tion Formula (3), can be used to derive the ratio of the equivalent plastic strain at fracture
to the uniaxial strain at fracture, given by ε

pl
f /ε

pl
f in Equation (4).

ε
pl
f /ε

pl
f = exp[−β(θ − 1/3)] (4)

The material parameter β = 1.5 is employed, as suggested by Rice and Tracey [28].
Ultimately, ε

pl
0 = ε

pl
n is utilized as the criterion for damage initiation, as per Equation (5).

The criteria are illustrated in Figure 13b.

ε
pl
0 (θ) = ε

pl
n · exp[−1.5 · (θ − 1/3)] (5)

Once the criteria for initiating damage are established, the plasticity curves and
damage evolution laws required for integration into the ABAQUS material models are
derived from experimental data obtained through standard tensile tests.

In order to facilitate the subsequent analysis, the identification of key characteristic
points within both nominal and true stress–strain curves becomes essential. These critical
points include (1) p: the onset of plasticity, (2) n: the initiation of necking, signifying the
initiation of damage, (3) r: the point of rupture, indicating a critical state of damage, and
(4) f : the fracture point, representing total damage. Illustrations of these pivotal points are
provided in Figure 12a, specifically for the material utilized in bolt applications.

Di =

{
(1 − σi/σi)αD, n ≤ i ≤ r
1, i = f

(6)

The damage variable is derived as the dimensionless difference between the material’s
undamaged response defined by Equation (6) and its damaged response. Figure 12a
illustrates that at the rapture point denoted as r, the material undergoes a critical level
of damage Di, immediately followed by the fracture point f, where stiffness experiences
complete degradation. This behavior has also been noted by Lamaitre [29], who defines
the critical damage value for most steels as Di, ranging between 0.2 and 0.5. Bonora
et al. [28] also made observations indicating that the actual critical damage values for steel
materials tend to be higher, falling within the range of 0.55 to 0.65. To account for this,
an introduced factor termed the damage eccentricity factor (αD) was incorporated into
Equation (6). The values of αD varied between 1.5 and 1.7 for the distinct types of steels
employed in this study.

According to the test phenomenon, no failure occurred in the bolts. For this analysis,
bolts, nuts, sleeves, and washers were characterized using a three-segment linear material
isotropic kinematic hardening ideal elastoplastic model. The materials were determined
according to a previous specification [30], where the Young’s modulus was 206 GPa, the
yield strength and tensile strength were 900 MPa and 1040 MPa, respectively, the plastic
strain was 0.1, and the Poisson’s ratio was 0.3.

4.3. Validation of Numerical Results

The force–displacement relationship curve of each specimen calculated using the finite
element method was compared with that of the test, as shown in Figure 14. It can be
seen from the figure that the curves are in good agreement, indicating that the material
model and boundary conditions defined by the finite element model are consistent with
the actual conditions.

Figure 15 shows a comparison of the deformation characteristics of all specimens.
It can be seen that during the elastic–plastic stage, the deformation of the T-stub in all
specimens was mainly caused by the bending deformation of the flange. With a progres-
sively increasing load, the occurrence of fracture in the T-stub becomes evident, gradually
evolving into fracture failure in tandem with the development of plastic damage. TJD-1
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and TJD-2 exhibited fracture failure at the juncture between the T-stub’s web and flange. In
the case of the specimen TJD-1, the fracture in the T-stub occurred when the stress reached
496 N/mm2. For the specimen TJD-2, the fracture in the T-stub occurred at a stress level of
502 N/mm2. The webs of the T-stubs in the specimens TJD-3 and TJD-4 were equipped
with connecting bolts. Under the action of the load, the fracture failure of specimen TJD-3
still occurred at the junction of the web and flange, and the fracture occurred when the
stress reached 498 N/mm2. As for the specimen TJD-4, the squeezing effect of the bolt holes
in the web was obvious. The stress value at this point was greater than that at other places,
and when the stress value reached 518 N/mm2, the cracks in the T-stub’s web gradually
extended along the horizontal direction of the bolt holes.
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5. Damage Process Analysis

The concept of performance-based seismic design (PBSD) helps designers to deliber-
ately manage structural damage within acceptable limits during earthquakes of varying
intensities. This approach requires a precise evaluation of seismic damage, thereby high-
lighting the significance of damage models in establishing a connection between structural
performance and the resulting damage levels. The damage models combining deformation
ductility and dissipated energy appear to be more reasonable. One of the best-known
and most widely-used cumulative damage models is the Park–Ang model. Therefore,
this study adopts the modified model of Kunnath [31], which considers the cumulative
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damage correction of residual deformation, to calculate the damage index of the connection
specimens. The expression of the damage index, DI, is as follows:

DI = (1 − β)
δm − δy

δu − δy
+ β

∫
dE

fyδu
δm =

{
δy, δm ≤ δy
δm, δm > δy

(7)

where δm represents the deformation corresponding to each loading stage under monotonic
loading, δu is the deformation at the ultimate state under monotonic loading, fy is the yield
strength of the steel material, dE is the energy dissipated due to plastic deformation, β is
a non-negative combination coefficient, and for steel structures, β is assigned a value of
0.025 [32].

The calculated damage index can be used to estimate the structural damage state, and
the damage index has been paid attention by FEMA and other standards because of its
simple calculation and clear physical concept [33]. As the basis for determining the FEMA
performance level, the correlation between the plastic ductility index and other damage
indicators will be of great significance, which provides the consistency and reliability of
the FEMA performance level when predicting structural damage under seismic excitation.
This index was proposed by Williams [34]. Table 4 shows the damage indices assigned to
FEMA performance levels. FEMA 356 specifies the performance levels of the structure in
several stages [33]:

1. Linear limit (A-B): the structure response restricted to the linear limit;
2. Immediate occupancy structural performance level (IO): the structure will be safe to

occupy after the earthquake;
3. Damage control structural performance range (DC): a damage state between life

safety and immediate occupancy performance level;
4. Life safety structural performance level (LS): structure is damaged, but retains a

margin against onset of partial or total collapse;
5. Limited safety structural performance range (LSR): a damage state between collapse

prevention and life safety performance level;
6. Collapse prevention structural performance level (CP): the structure continues to

support gravity loads, but retains no margin against collapse;
7. Collapsed (C).

Table 4. Damage indices assigned to FEMA performance levels.

FEMA Performance Level A-B IO DC LS LSR CP C

FEMA Damage Index 0 0.17 0.33 0.50 0.67 0.83 1

Using Formula (1), the damage index of all connections was calculated, and the
damage development status of all connections was evaluated based on the calculation
results. The evaluation results are shown in Figure 16. As observed from Figure 16, when
the loading displacement reached the yield displacement, the damage indices of TJD-1, TJD-
2, TJD-3, and TJD-4 were very low, each being less than 0.17, indicating that the structure
had only slight deformation and no damage occurred. As the yield displacement of TJD-
1 was the lowest among all specimens, this indicates that it was prone to experiencing
larger deformations under tension, so the IO range of TJD-1 was the widest. Similarly,
TJD-1 had the highest ductility coefficient among all specimens, resulting in the TJD-1
damage index range being the broadest and the connection being the most susceptible to
damage. Comparing Figure 16a,b, as well as Figure 16c,d, it can be seen that in increasing
the thickness of the T-stub’s flange, the deformation capacity of the connection decreased.
Taking into account the influence of shear-loaded connecting bolts in the T-stub’s web
on the damage characteristics of the connection, and comparing Figure 16a,c, as well as
Figure 16b,d, it is found that the shear-loaded connecting bolts share the internal forces
of the T-stub, resulting in a decrease in the internal force transmitted to the flange, so
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the deformation of the flange is reduced, narrowing the range of the damage index of
the connection.
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As the load continued to increase, each specimen progressively entered the stages of
damage control (DC), life safety (LS), limited safety (LSR), and collapse prevention (CP).
From Figure 16, it can be observed that the damage index ranges within each damage stage
are quite similar. Combining the experimental observations and finite element analysis, it
is concluded that the primary reasons for the progression of connection damage are the
bending deformation of the T-stub’s flange and its fracture. The failure behavior of TJD-3
and TJD-4, which had shear-loaded connecting bolts on the T-stub’s web, not only involves
bending deformation of the flange but also the fracture of the web. It can be seen from
Figure 16c,d that the force–displacement curves of TJD-3 and TJD-4 exhibited a significantly
faster decrease in load-bearing capacity during the failure stage compared with TJD-1 and
TJD-2. The red area in Figure 15 represents the complete failure of all of the connections,
indicating that all of the test specimens completely failed and were unable to continue to
withstand the tensile load. Upon analysis, it is evident that the force–displacement curves
for all test specimens enter Stage C after exceeding the ultimate load. This behavior aligns
with the experimental observations, confirming that the calculation method for the damage
index is consistent with the damage ranges prescribed by FEMA.
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6. Conclusions

In this study, a T-stub connected to a hollow section column using blind bolts was
taken as the research object, and the mechanical properties and damage characteristics were
studied using tests and the finite element method. The main conclusions are as follows:

1. There are three main failure modes of this connection: the out-of-plane plastic defor-
mation of the wall of HSST and the bending fracture failure of the T-stub’s flange.
When the T-stub’s web contains shear-loaded connecting bolts, it will cause the frac-
ture of the web.

2. Increasing the thickness of the T-stub can improve the tensile-bearing capacity of the
connection. Under the condition that the wall thickness of the hollow square steel
tube is not changed, the initial tensile stiffness is not increased significantly, which
indicates that the out-of-plane deformation and tensile force of the wall of the hollow
square steel tube have a dominant effect on the initial tensile stiffness of the connection
under the yielding state.

3. For a connection with a T-stub containing shear-loaded connecting bolts, the tensile
force of the web is transmitted through the shear-loaded connecting bolts to the web
of the T-stub, causing the bolt holes on the web to be squeezed. As the load gradually
increases with the increase in the squeezing effect, the plastic deformation generated
by the bolt hole reduces the force transmission effect, which is the main reason for the
decrease in the mechanical performance of the connection.

4. Finite element analysis considering ductile damage can effectively simulate the plastic
deformation process and failure mode of T-stubs connected to hollow section columns.

5. The damage index model adopted in this study can accurately reflect the damage
characteristics of the T-stub–hollow-section column connections and can accurately
reflect the seven damage stages specified by FEMA. The damage indices are all smaller
than 0.17 before the connections yield, and are beyond 0.83 when the connections
enter the failure stage. The quantitative assessment conducted here established a
correlation between damage states and damage characteristics, thereby enabling a
quantitative evaluation of this specific type of connection’s damage.
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