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Abstract

Despite tremendously valuable work on the T-stub, its safety and reliability in post-fire con-
ditions remain a major concern. It is well known that steel is sensitive to high temperatures.
Material degradation at high temperatures is likely to cause the T-stub to yield or gradually
collapse, potentially leading to the failure of the entire structure. Recent studies have shown
that steel joints exhibit a significant change in moment-rotational response post-fire, as
the joint’s load—displacement behavior and failure modes change with increasing exposed
temperature. However, studies on T-stubs at high post-fire temperatures are very limited.
In this study, the aim is to investigate the post-fire load—-displacement curves, ductility,
plastic, and ultimate capacities of the unstiffened T-stub connected to a rigid base as a
function of the exposed temperature. Of the 36 unstiffened T-stubs tested, 30 were sub-
jected to high temperatures. The selected temperature values were 400 °C, 600 °C, 800 °C,
1000 °C, and 1200 °C. A thin plate of 10 mm was selected for the flange of the T-stub in
order to obtain mode 1 behavior. Bolts of M16 and M24 were utilized in order to investigate
the effects of bolt diameter on the behavior due to the change in distance of plastic hinges.
Furthermore, the distances from a T-stub stem to bolt row (p¢) of 40 mm, 60 mm, and
80 mm were selected. As ps values decrease, the plastic capacity increases, while the
ultimate displacement capacity and the ductility decrease. A direct relation between ps¢
and yield displacement, and between pf and ultimate capacity, was not detected. As the
applied temperature increases, the yield displacement increases and the ductility decreases.
No significant change in either the plastic or ultimate capacity was observed up to 400 °C.
At higher exposed temperatures, the plastic and ultimate capacity decrease as the applied
elevated temperature increases. A significant reduction in the plastic and ultimate capacity
was especially observed after post-fire exposure to 1000 °C and 1200 °C. The effects of
elevated temperature are more pronounced for the plastic capacity of materials. Reduction
factors for both plastic and ultimate capacities were proposed to account for the post-fire
effects. The proposed reduction factors can predict the effects of a post-fire environment
with high accuracy. The results were compared with AISC 358 and Eurocode 3, and it
was revealed that the current standards underestimate the actual capacities. A modified
calculation, including a reduction factor, is proposed to obtain more accurate results of
unstiffened T-stubs for post-fire conditions.
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1. Introduction

After the collapse of the World Trade Center, the investigation of the durability of
steel structures subjected to accidental loading (impact, explosion, and fire hazard) has
become a major concern. If any steel structure is exposed to fire for a long time without
collapsing, it will start to cool down after the fire is extinguished, aided by the surrounding
air as the temperatures drop. During cooling, steel members develop residual forces and
deformations due to the shrinkage of steel, which could create a more hazardous situation
than during the fire itself [1].

Bolted connections are utilized due to their various advantages over the welded
connections, such as high ductility, strength, and energy dissipation capacity [2,3]. Bolted
beam-to-column connections are critical structural elements that transfer loads between
components and experience significant deformations, influencing local ductility and overall
stability; therefore, their failure can cause system collapse, necessitating special attention in
both design and construction [4]. However, in the event of a fire, the bolted connections
lose their strength with an increase in temperature. The collapse of bolted connections can
trigger the gradual collapse of floors under impact or overload. This can cause a rapid fire
spread between floors, leading to the collapse of unsupported columns on intermediate
floors. Therefore, investigations should be performed on the fire performance of various
types of steel structures to limit fire loss and the post-fire performance of buildings. The
size of the fire fluctuates dramatically. Large-scale fires that result in the immediate collapse
of steel structures are uncommon [5].

A significant number of experimental, numerical, and analytical studies were con-
ducted to investigate the behavior of T-stubs at room temperature in the last 5 years. These
studies focused on many aspects of T-stubs, such as stiffness, ductility, resistance, and
failure mechanisms. The authors [6-8] studied prying action experimentally and numeri-
cally. The studies [9-11] compared the experimental results with Eurocode and/or AISC.
It was indicated that the experimental results differed from the predicted values. The
authors [12-14] studied T-stubs made of high-strength steel such as Q690. T-stubs made of
stainless steel were also examined by the authors [15-18]. The behavior and performance
of the wire arc additively manufactured T-stubs were also examined [19-21]. Loading rate
and preloading effects were studied [22]. The effects of stiffeners were examined by the
authors [23-25]. Cyclic performance of T-stubs, both at the component level and at the
structural member level, was investigated by many studies [26-33]. Some studies focused
on deriving and improving the constitutive models for force-displacement relationship
and formulas for prying actions and resistances of T-stubs [7,8,34—42]. Different kinds of
machine learning algorithms were utilized to predict the capacity, failure modes, and load
displacement curves [43—46].

Although many studies are available on the performance of T-stubs at room temper-
ature, few studies were conducted for fire scenarios. Gao et al. [47] tested 12 unstiffened
T-stub joints under elevated temperatures up to 847 °C, and subsequently carried out nu-
merical analyses. It was reported that increasing the thickness of the flange or the diameter
of the bolt decreased deformation capacity. The experimental findings indicated that a thin
flange and a sufficiently large bolt can enhance the critical temperatures and ductility of
T-stub joints. Der et al. [48] performed a numerical parametric study on T-stubs subjected
to elevated temperatures up to 700 °C. It was reported that initial stiffness and capacity
reduced as temperature increased. Concerning ductility, the deformation capacity of T-
stubs decreases at elevated temperatures when the failure mode is governed by bolt failure,
whereas elevated temperatures increase ductility when the failure mode is governed by
plate failure.
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Spyrou et al. [49] studied mild steel T-stubs made of mild steel of S275 at elevated
temperatures up to 740 °C. Barata et al. [50] conducted numerical and experimental studies
on T-stubs made of mild steel grade S355 under ambient and elevated temperatures of
500 °C and 600 °C. It was indicated that the capacity and stiffness reduced as the tempera-
ture increased, and the failure modes depended on the varying temperature. Li et al. [51]
carried out numerical simulations on T-stubs in fire scenarios. The following two scenarios
were considered: (i) loading under constant temperature and (ii) heating under constant
load. Maljaars and Matteis [52] tested aluminum T-stubs at elevated temperatures up
to 290 °C. Heidarpour and Bradford [53] developed an analytical model to predict the
behavior of T-stubs at elevated temperatures. Wang et al. [54] carried out an experimental
study on T-stubs having a thin-walled flange, which were made of Q690 high-strength
steel. It was indicated that failure modes altered with increasing temperature. Eurocode
3 underestimated the capacity of high-strength steel T-stubs. T-stubs with steel grades of
Q355, Q690, S690, and S900 were studied by [55] at elevated temperatures ranging from
300 °C to 600 °C, increasing by 100 °C. It was reported that the estimation of Eurocode 3 was
inaccurate under ambient temperature conditions when the distance from a T-stub stem
to bolt row (ps) is large. Thread-fixed one-side bolted T-stubs at elevated temperatures of
500 °C and 700 °C were tested by You et al. [56]. At elevated temperatures, unfavorable
failure modes were not observed. It was indicated that the loading rate at high temperatures
can change the failure mode [57]. Increasing the loading rate led to more ductile behavior
of T-stubs.

Cho et al. [58] examined the tensile capacity of bolted connections with high-strength
steel at elevated temperature and post-fire. The results showed that high-strength steel
behaved differently at elevated temperature and post-fire. Dhamane et al. [59] tested T-stubs
made of S700 high-strength steel at elevated temperatures up to 800 °C and cooled to room
temperature post-fire. It was reported that failure modes depend on the temperature. It was
also declared that Eurocode gave a better prediction for experimental results than AISC, but
the reason for this could not be specified. Ribeiro et al. [60,61] conducted numerical analyses
to investigate the performance of T-stubs both at elevated temperature and post-fire.

It is both time-consuming and wasteful to demolish fire-exposed structures altogether
and replace them with new ones. Direct reuse or reinforcement of such structures may
compromise safety; occupants, however, may be left feeling unsafe. As such, reliable evalu-
ations are crucial in determining whether fire-exposed buildings should be demolished,
repaired, or reused [62]. Therefore, a detailed examination of the post-fire performance of
the bolted connections is important.

Studies examining the post-fire behavior of T-stubs are very limited. Sagiroglu [63]
tested five beam-to-column connections with T-components under post-fire conditions. It
was indicated that large deformations at low capacity and early failure can be observed.
Qiang et al. [64] conducted numerical analyses on HSS T-stubs at elevated temperatures in
order to take into account axial forces. Mahmood et al. [65] conducted numerical analyses
to investigate the post-fire performance of austenitic stainless-steel T-stubs with four bolts
per row. Wang et al. [5] examined post-fire performance of hole-anchored bolted T-stubs.
The tests were carried out in three stages: loading at ambient temperature, exposure to
fire (500 °C and 700 °C) under loading, and loading after cooling. It was reported that
these T-stubs can regain at least 80.9% of their ultimate strength and 87.1% of their yield
strength, respectively.

Although several studies have examined the high-temperature response of T-stubs,
most are restricted to maximum temperatures of 800 °C, and there are scarce investigations
on their post-fire behavior under more severe conditions. This study fills this gap by
conducting a comprehensive experimental program up to 1200 °C, extending beyond the
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Mode 1

Complete Flange Yielding Flange Yielding & Bolt Failure  Bolt Failure

Plastic Hinges

scope of previous research. The aim of the study is to investigate the post-fire behavior
of unstiffened T-stubs with a thin plate connected to a rigid base. The parameters were
selected in order to examine the mode 1 behavior. Based on the findings, reduction factors
are developed for both plastic and ultimate capacities, providing a practical modification
to existing design codes. These contributions aim to enhance the accuracy and reliability of
T-stub design in post-fire structural assessment.

2. The Behavior and Calculation of T-Stubs

EN1993-1-8 (EC3) [66] provides the calculations required for the design of T-stub
connections. The component methods are adapted according to the Eurocode specification
for calculating the capacity of end plate connections. In this method, the capacities of the
failure modes are calculated, and the failure mode that yields the lowest capacity governs
the capacity of T-stubs. The behavior of T-stubs is defined by three modes. Complete
flange yielding is observed in Mode 1, while bolt failure is observed in Mode 3. Both flange
yielding and bolt failure are expected to occur in Mode 2. Failure mode 1 is associated
with the flange of the T-stub, where plastic hinges form at the toe of the welds and the
edges of the bolt row. This failure mode exhibits ductile behavior, allowing significant
plastic deformation. In contrast, failure mode 3 is characterized by bolt failure in tension
and shows limited ductility. Failure mode 2 represents a combination of the first and third
failure modes, where the flange yields near the toe of the weld before the bolts fail in
tension. These failure modes are illustrated in Figure 1.

Mode 2 Mode 3 AISC EUROCODE

b) b)
-85 -

2|

! ee lee

Bolt Fracture

.
e i \: fg%e
%

€x _| Mmx .

Bolt Fracture

Figure 1. Failure modes of T-stubs and definition of parameters (adapted from [11]).

The load displacement of the T-stub, which was governed by failure mode 1, can be
divided into three regions [11,67]. The typical load displacement of the T-stub is shown
in Figure 2. In the first region, elastic deformation of the flange T-stub is observed before
the appearance of the yield lines. The second region initiates the formation of the yield
lines and exhibits strain hardening. In this region, stiffness decreases, but the load capacity
increases. In the third region, strain hardening effects and an increase in capacities continue.
Moreover, second-order effects are initiated and membrane actions develop, resulting in
an increase in stiffness. Finally, the specimens fail due to either bolt rupture or flange
fracture. Figure 2 demonstrates the typical load displacement response of T-stubs governed
by failure mode 1. The plastic capacity or design capacity (Pjrq) is considered as the
intersection point of tangent lines passing through the first and second slopes [68-73]. The
ultimate capacity (Py) is the maximum load carried by T-stubs.

The capacity of Failure Mode 1 can be calculated by two different methods (Method 1
and Method 2). Method 1 assumes that the bolt forces the concrete towards the center line of
the bolt. On the other hand, the effects of bolt/washer size are included in Method 2, which
assumes that the bolt forces are distributed beneath the washer and/or the nut. Therefore,
Method 2 results in a higher capacity than Method 1. These values can be calculated from
Equations (1)-(3).
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Figure 2. Typical load displacement response behavior of T-stubs.

In order to determine the failure mode, constants 3 and 1, which the geometrical and
material features of the T-stub, are defined [23] (see Equations (4)—(6)). The constant f is the
ratio of Mode 1 (Method 1) to Mode 3 according to EC3. On the other hand, v is computed
as the ratio of edge distance (ex) to m. Mode 1 is defined as between 0 and 1 iVZV Mode 2 is
defined as between %V and 2, and Mode 3 occurs above 2.

Frira
==~ (4)
Frjard
F
= )
7 Y Frra
_ &
V= (6)

Extended end plate connections used in moment-resisting frames can also be designed
in accordance with AISC 358 [74] for seismic applications. AISC 358 only adopts a thick
end plate design approach. This approach is discussed in Design Guide 04 [75]. The thin
plate design approach is only suitable for non-seismic applications and is covered in Design
Guide 16 [76]. The yield lines provided are the same, regardless of either the thin or the
thick plate approach. No direct calculations are available for T-stubs; therefore, the yield
line and equations were transferred for T-stub connections and are given in Equation (7).

Fyt5by
Pf
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3. Materials and Methods
3.1. Design of Experiments

Thirty-six unstiffened T-stubs were designed for a testing program. Three different
variables were considered. The distance from the T-stub stem to the bolt row (pf), the bolt
diameter, and the elevated temperature were considered as variables. The T-stubs were
fabricated from S275 structural steel plates. The thickness of the T-stub flange was kept
constant at 10 mm. The flange thickness of the T-stub was selected in order to observe
mode 1 behavior. p¢ values of 40 mm, 60 mm, and 80 mm were chosen. Two different bolt
diameters were considered in order to examine the effects of bolt diameter on the capacity
of the T-stub by changing the distance of the plastic hinges. Bolt diameters of 24 mm and
16 mm were considered. Bolt holes were drilled with a clearance of 2 mm above the bolt
diameter. For connecting the stem to the flange, full penetration fillet welds with a throat
thickness of 6 mm were applied on both sides of the stem to ensure symmetry and sufficient
strength. The dimensions of T-stubs are shown in Figure 3. Elevated temperatures of
400 °C, 600 °C, 800 °C, 1000 °C, and 1200 °C were chosen. Table 1 summarizes the
parameters that are utilized in this study.

80 60 140
130 110 90

50
| 50
50

@
7\
| )
\—/
©

7\ o\
() —
\ / N\ /

\—/

70
70
70

80 .50 60 |50 4050

Figure 3. Dimension of T-stubs.

Table 1. Parameters utilized in this study.

Parameter Symbol Levels/Values

Bolt diameter dyp M1e6, M24

Distance from stem to bolt row Pt 40 mm, 60 mm, 80 mm
Flange thickness t¢ 10 mm

Steel grade — 5275

Temperature T féoooccj 30(1)2(;%’0%)0 °C, 800°C,

The experimental program was planned as a full factorial experimental design to
comprehensively investigate the effects of the fundamental parameters influencing the
mechanical behavior of T-stub connections. The 2 x 3 x 6 full factorial experimental design,
created by considering all combinations of the aforementioned parameters, encompasses a
total of 36 different experimental conditions. Each condition represents a unique combina-
tion of geometry, scale, and temperature effects. This full factorial structure allows for the
systematic evaluation of all main effects and possible interactions, thereby ensuring that
the sensitivity of each parameter can be distinguished both physically and statistically.
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While 1200 °C represents a condition beyond practical structural functionality, its
inclusion allows exploration of the worst-case degradation and supports development
of conservative reduction factors for post-fire design. The heating process was carried
out in a large oven to ensure even temperature distribution over the T-stubs. The initial
heating rate was approximately 100 °C/h; as the temperature increased, the heating rate
was gradually reduced. After the target temperature was reached, the specimens were
held at that temperature for two hours. The specimens were then left in the oven to cool
naturally to room temperature. In addition, specimens at room temperature were tested as
a reference. These reference specimens are shown at a temperature of 24 °C.

It should be noted that the bolts were not heated for two reasons. First, at temperatures
of 1000 °C and 1200 °C, bolts and nuts could not be used due to thread deformation
problems. Second, the aim was to induce failure at the flange of T-stubs. The plastic
capacity is primarily flange-controlled and thus less sensitive to bolt heating. In other
words, keeping bolts at ambient strength biases the system toward failure mode 1, which
aligns with the aim of the study.

T-stubs after elevated temperature are shown in Figure 4. There was no significant
visible difference in the T-stubs at 24 °C, 400 °C, and 600 °C. On the other hand, visible
differences started to appear in T-stubs at a temperature of 800 °C. At 1000 °C, color change
and surface deformations started to occur. However, especially at 1200 °C, the deterioration
increased significantly. The progressive color change visible in Figure 4 corresponds
to the tempering and oxidation sequence typical of carbon steel, which reflects surface
oxide formation.

Figure 4. Unheated and heated unstiffened T-stubs.

3.2. Material Properties

To determine the material properties of the test specimens, coupons were subjected to
tensile tests. Coupon samples cut from the flange plates were subjected to the same heating
and cooling cycle as the T-stubs. Each coupon was placed in the furnace, heated to the
target temperature, and held for two hours to achieve thermal uniformity. Subsequently,
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the furnace was turned off, and the coupons were allowed to cool gradually to room
temperature in the oven together with the T-stub specimens. This procedure ensured
comparable thermal exposure between coupons and T-stubs. The results of each coupon
test in terms of yield stress and ultimate stress are given in Table 2. Stress displacement
curves of the coupons are shown in Figure 5.

Table 2. Material properties (in MPa).

Coupon 24 °C 400 °C 600 °C 800 °C 1000 °C 1200 °C
F, 268 268 270 235 212 110
Fy 372 361 356 342 301 203
400
350
300
£ 250
=
<200
2" ' - - 400°C
2 — —600°C
100 - = =800°C
50 1y e 1000°C
- = =1200°C
0
0 10 20 30 40

Displacement (mm)

Figure 5. Stress displacement curves of the coupons.

After the change in temperature was applied to the T-stubs, tests were carried out
using the test setup shown in Figure 6. T-stubs were assumed to be symmetric about their
width. T-stubs were tested on a rigid support. The rigid support had a total thickness of
40 mm and was reinforced with additional stiffeners. The stem thickness was chosen to be
20 mm to ensure elastic behavior of the stem. Pre-tension was applied by first snug-
tightening and then tightening with a calibrated torque wrench to reach the target preload
(70% bolt strength).

5
|
1
>
‘y
2
=
=
=
= P

Figure 6. Test setup.
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4. Experimental Results
4.1. Failure Modes

As previously indicated, the specimens were designed to fail in failure mode 1. The
determination of failure modes based on the dimensions and mechanical properties of the
experimental specimens is depicted in Figure 7. For most of the specimens, failure mode 1
was observed. However, the specimens failed in different ways. All specimens experienced
significant deformations, which led to different failures at the end of the experiments. The
specimens with M16 bolts generally resulted in bolt failure at the end of the experiments.
Especially in specimens with a pf of 60 mm and 80 mm, the behavior of Mode 1 with bolt
failure was clearly examined (Figure 8). Similar behavior was also reported by [67,77].
On the other hand, all specimens with M24 bolts experienced complete yielding of the
flange, resulting in flange failure. Figure 9 shows failure mode 1 with flange failure for the
specimens with both M16 and M24 bolts.

p~40 mm p/~60 mm
12 12
1 1
0.8 0.8
= 0.6 =06
0.4 0.4
02 | xMl16 02
+M24
0 0
0 0.5 1 L5 2 2.5 3 0 0.5 1 15 2 25 3
B
p~80 mm __F
12 n=
: X Ft,Rd
1 Mode 3
1 oo 4,
0.8 ﬂ\oéem E
= 0.6 20 .
V= '
0.4 1+2v >/ :
3/ |
02 S/ |
0 0 : :
0 0.5 1 L5 2 2.5 3 0, = 2v 2 B = Mpira
1+ 2v my Fthd

Figure 7. Failure mechanism according to Eurocode.

In several tests, particularly for specimens with smaller pf values or after exposure to
temperatures of 600-800 °C, the loading was stopped when the flange rotation exceeded
the displacement limit of the test setup while maintaining a stable but reduced load level.
This condition, denoted as “excessive deformations” in Table 3, corresponds to a ductile
over-rotation of the flange accompanied by visible deformation and elongation of bolt holes
but without complete bolt or flange fracture.

Bolt failures were only observed with the specimens including M16 bolts and a pf of
60 mm and 80 mm. Bolt failures were observed after a large level of displacement, and all
were ductile. For the rest of the specimens, the bolt failure was not observed. Two types of
flange failure shown in Figure 10 were recorded. The first type occurred at the edge of the
weld (Flange F. 1). The crack initiated from the center and progressed towards the edges of
the T-stub. The second type of failure occurred at the bolt line parallel to the stem (Flange F.
2). The crack initiated from a point close to the bolt hole and traveled towards the flange
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edge. All of the Failure F. 2 (except one) was observed with the specimens exposed to a
temperature equal to or higher than 800 °C. The failure modes are reported in Table 3.

24 °C_pi0_M24 £ #5) , | 600 °C_pr40_M16

Figure 9. Failure mode 1 with flange failure.
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Table 3. Failure modes.
Mie6 M24
T/ ps 40 mm 60 mm 80 mm 40 mm 60 mm 80 mm
24°C Excessn'/e Bolt Failure Bolt Failure Flange F. 1 Flange F. 2 Flange F. 1
Deformations
400 °C Excesswe Bolt Failure Bolt Failure Flange F. 1 Flange F. 1 Flange F. 1
Deformations
o . . Excessive Excessive
600 °C Flange F. 1 Bolt Failure Bolt Failure Flange F. 1 Deformations  Deformations
o Excessive . . Excessive Excessive
800 °C Deformations Bolt Failure Bolt Failure Flange F. 2 Deformations = Deformations
1000 °C Excesswe Bolt Failure Bolt Failure Flange F. 1 Flange F. 2 Flange F. 2
Deformations
1200 °C Excesswe Bolt Failure Bolt Failure Flange F. 2 Flange F. 2 Flange F. 2
Deformations

e i
24 °C_pi80_M24

Figure 10. Flange failure.

Yield capacity of all specimens was governed by failure mode 1. However, in some
specimens (ps = 40 mm), failure occurred before second-order and membrane effects
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could fully develop due to the increase in the short lever arm, which increases local
bending demand. Consequently, the load—displacement curve sometimes resembled Mode
2; however, the observed deformation shape indicates that the capacity was governed
by Mode 1. On the other hand, prying and membrane action effects at large rotations
progressively increased bolt tension, culminating in ductile bolt rupture in some specimens
with M16 bolts. These bolt failures appeared as an ultimate failure after the full development
of the failure mode 1 mechanism, and this can also be seen from the load displacement
curves of these samples. Thus, for capacity evaluation, the governing mode in both cases
remains failure mode 1.

To detect the yield lines, whitewash was applied to specimens. However, due to
deterioration in the surface of the specimens, which were exposed to high temperatures, the
whitewash application failed on some specimens. In other words, the whitewash technique
was effective for specimens tested at ambient temperature, 400 °C, 600 °C, and 800 °C,
allowing clear observation of yield line development. At higher exposure levels (1000 °C
and 1200 °C), severe surface oxidation and scaling caused the whitewash to flake or detach,
making yield lines indistinguishable. For these specimens, yield line mechanisms were
determined based on observed deformation shapes and crack propagation. A general trend
was, therefore, considered when determining the yield lines. Two yield lines depicted in
Figure 11 were observed during the experiments. One yield line parallels the weld lines to
the stem. The other yield line coincides with the line of the bolt row, which is parallel to
the stem. This yield line passes the edge of the washer. A similar yield line was reported
by [11]. The first yield line was defined in [11] as occurring at a distance of 0.8 times tw
from the stem, while the second yield line was identified as occurring at a distance of
0.75 times d}, from the center of the bolt row. In this study, the proposed yield line
mechanism by [11] is further modified with the reduction factor to include the effects
of temperature applications.

Figure 11. Simplified yield line.

4.2. Load—-Displacement Curves

Load-displacement curves of the specimens with M16 bolts and M24 bolts are given in
Figures 12 and 13, respectively. Furthermore, plastic and ultimate capacities for specimens
with M16 bolts and M24 bolts are given in Tables 4 and 5, respectively. Most of the load—
displacement curves are similar to the load—displacement curve shown in Figure 2. These
load—displacement curves have three different regions, as shown in Figure 2. However,
the specimens with a pf of 40 failed before the development of second-order effects and
membrane actions. These prevented the occurrence of the third region and an increase in
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the stiffness. This behavior resembles the load—displacement curves of Mode 2. However,
based on the deformed shapes observed in the experiments (e.g., Figures 9 and 10) and
failure mechanism determination based on EC3 (Figure 7), the observed deformed shapes
and failure mechanisms were considered as failure mode 1.

250 250
24°C 400°C
200 A 200
. ", PPda|
~150 - g . e | >150
< g ., <
3 3
=] . e
=100 { JPat = 100
H - pf40
1,7 50
50 1 ," 160
! - - -pf80
0 T T - 0 4 T T r
0 20 40 60 80 0 20 40 60 80
Displacement (mm) Displace ment (mm)
250 250
600°C 800°C
200 A 200
2150 | o e =150 s -\
oo Wid 1 E o P
_g - /l _g - o "’¢ .
g K .
S0 . Pt 3100 { L’
: ’,_—" ...... pf40 ; “."' ...... pf40
50 14,2 1 .
A ——— pf60 30 / —— pf60
Y ’
- - -pf80 ’ - - -pf80
0 T T T 0 T T T
0 20 40 60 80 0 20 40 60 80
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250 250
1000°C 1200°C
200 A 200 A
2150 1 PRI LL LN 2150 1
= 100 - Ky = 100 o e N
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o ’l' .'..' "
et e pf40 // ...... pf40
301 7. Sl —— pf60 501 L —— pf60
2 - = -pf30 i - - -pf30
0 T T T T T T 0 T T T
0 10 20 30 40 50 60 70 0 20 40 60 80
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Figure 12. Load-displacement curves of the specimens with M16 bolts.

The highest plastic capacities were observed with a penetration force of 40 mm. As
the py increases, plastic capacity significantly decreases. The difference in plastic capacity
between pf of 40 mm and pf of 80 mm is higher in specimens with M24 bolts than in
specimens with M16 bolts. No direct relation was observed between ultimate capacity and
ps. The highest ultimate capacity was observed in the specimens with a pf of 60 mm. The
initial rigidity of the specimens decreases as the pf increases. Especially the specimens
with p¢ of 80 exhibited much smaller rigidity compared to the specimens with p¢ of 40 and
60 mm.
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Figure 13. Load-displacement curves of the specimens with M24 bolts.
Table 4. Plastic and ultimate capacities for specimens with M16 bolts.
Mi16 Pj,Rd Py Pu/Pj,Rd
T/ps 40 mm 60 mm 80 mm 40 mm 60 mm 80 mm 40 mm 60 mm 80 mm
24 °C 117 84 56 190 203 171 1.62 2.42 3.05
400 °C 115 82 55 187 201 169 1.63 2.45 3.07
600 °C 105 80 55 180 187 168 1.71 2.34 3.05
800 °C 93 70 48 175 183 159 1.88 2.62 3.31
1000 °C 76 56 40 169 174 151 2.22 3.11 3.78
1200 °C 57 39 26 126 133 117 2.21 3.41 4.50
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Table 5. Plastic and ultimate capacities for specimens with M24 bolts.
M24 P rd Py Pu/Pjra
T/ps 40 mm 60 mm 80 mm 40 mm 60 mm 80 mm 40 mm 60 mm 80 mm
24°C 168 100 65 292 318 312 1.74 3.18 4.80
400 °C 165 96 64 291 319 310 1.76 3.32 4.84
600 °C 156 87 59 287 320 308 1.84 3.68 522
800 °C 141 81 54 274 299 278 1.94 3.69 5.15
1000 °C 116 70 44 261 270 257 2.25 3.86 5.84
1200 °C 92 52 30 211 227 205 2.29 4.37 6.83
The ratio of ultimate capacity to plastic capacity (Py/Pjrq) varies between 1.62 and
4.5 for the specimens with M16 bolts and between 1.74 and 6.83 for the specimens with
M24 bolts. The ratio of ultimate capacity to plastic capacity (Pu/Pjrq) of the specimens
with M16 and M24 bolts is depicted separately in Figure 14. Py/Pjrq ratio increases as
the temperature increases. While a slight increase in the Py /Pjrq ratio is depicted up to
600°C, a significant increase is observed after 600 °C, especially at 1200 °C. The elevation of
Py /Pjrq at high temperatures is predominantly governed by the rapid decrease of P; rq,
reflecting the loss of yield strength and stiffness under thermal degradation. By comparison,
Py, is less affected, since strain hardening, membrane action, and redistribution mechanisms
remain effective at large deformations, thereby mitigating the rate of strength reduction.
8.0 pf=40mm 80 pf=40mm
70 —A—pf=60mm 70 —A—pf=60mm
6.0 pf=80mm 6.0 pf=80mm
5.0 5.0
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Figure 14. The ratio of ultimate capacity to plastic capacity (Pu/PjRq)-

The Py /Pjrq ratio increases as the value of pf increases. Although the difference in
the Py of the specimens with different ps is small, the difference in Pjg 4 is high. These
lead to an increase in the Py/Pjgrq ratio when the pf is higher. A higher Py/Pjrq ratio
is observed in the specimens with M24 bolts, rather than M16 bolts. The reason for this
is that the yielding of the bolts limits the full development of the flange yielding with
strain hardening.

4.3. Reduction Factor

The load-displacement curves of the specimens with respect to elevated temperature
are shown in Figure 15. The observation indicates that the initial rigidity of the specimens
decreases as the level of exposed temperature increases. Especially after exposure to
elevated temperatures of 1000 °C and 1200 °C, the stiffness of the specimens significantly
decreased. The initial rigidity of the specimens exposed to 400 °C is almost the same as that
of the reference specimens. As the temperature increases, the Pj rq decreases. A significant
reduction in Pjrq was observed, especially after an elevated temperature of 600 °C. At
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an elevated temperature of 800 °C, the Pj rq was reduced by up to 20%. The reduction in
Pj,Rd was calculated to be up to 33% at an elevated temperature of 1000 °C, and 54% at

° .
1200 °C, respectively.
350 350
pf=40mm M16 pf=40mm M24
300 1 300 _
-
P P a2
250 250 A pra P _\‘\‘.
/ r’-/ \ h
Z200 Z200 .27 (» Y
= —— —\\ = / lf/. f\
= ZN = Vi
g 150 AT et TR B0 L7, '
= P A i ta = [ N
- o 7 N
wo | £.277 — ¢ 10041,/ — -24°C
'I’ e 400°C :, 400°C
; K4 600°C f ’/ 600°C
50 4}/ — = 800°C 50 414 = =800°C
v — - -1000°C 5/ — - -1000°C
0 —1200°C 0 —1200°C
0 20 40 60 80 0 20 40 60 80
Displace ment (mm) Displace ment (mm)
350 350
pf=60mm pf=60mm
ey
300 300 PHTe T
/1/ TN ’
250 250 7" '
7
—~ —_ /‘ II‘
Z200 T Z200 £
= 7~ gl < Py
] L= 7T T -] <70,
g 150 Z757 | 150 20
= ST = 2T
- -
P - o, P "
— 4 .
100 ///,47/ 4005(3 1001 7 z’:'/ = :24°C
- 7 / Cara o,
Lo - 600°C 2 400°C
A " 600°C
501 4s2 = —800°C 0 {7 800°C
. o 7 -
b5 —_— lOOOcC FA — - -1000°C
0 ‘ ‘ ‘ —1200°C 0 : . —=—1200°C
0 20 40 60 80 0 20 40 60 80
Displace ment (mm) Displace ment (mm)
350 350
pf=80mm pf=80mm
300 )
300 ot
o7 27
250 A 250 £ T T
I:"I :
éZOO EZOO p i
= - < 7
S50 A S50 PR
A5 \ PRt i
| Lt -24°C -, =z — =24°C
100 e a00°C 01 _amiee” a00°C
T 600°C Do TACS 600°C
50 4o = = 800°C 50 { g2 = = 800°C
P — - -1000°C 7 — - -1000°C
0 : —1200°C 0 —1200°C
0 20 40 60 80 0 20 40 60 80
Displace ment (mm) Displace ment (mm)

Figure 15. Load—displacement curves of the specimens with respect to elevated temperature.

Figures 16 and 17 show the plastic and ultimate strengths of specimens with M16
and M24 bolts, respectively. Up to 400 °C, there is almost no change in the material’s
strength. However, at 600 °C, a reduction in capacity begins, and this reduction becomes
more pronounced as the temperature rises. Notably, the effects of temperature are more
pronounced on plastic strength than on ultimate strength.

To take into account the effects of post-elevated temperature, reduction factors are
derived for both plastic and ultimate capacities. The following equations can be utilized for
the reduction factor of plastic capacity (¢p):

¢p =1when T <400 (8)

&y =1— ((T — 400) x 0.00009)* — (T — 400) x 0.00009 when T > 400 °C )

The following equations can be utilized for the reduction factor of ultimate

capacity (&, ):
&, = 1when T < 400 (10)
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Figure 16. Yield and ultimate strength for specimens with M16 bolt.
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Figure 17. Yield and ultimate strength for specimens with M24 bolt.

Figures 18 and 19 show the reduction factors for the specimens with M16 and M24
bolts, respectively. The reduction factor was obtained by dividing the capacities of the
specimens exposed to elevated temperature by the capacity of the reference specimen
(specimen with ambient conditions). Moreover, the proposed reduction factors computed
from Equations (8)—(11) are also added to these figures. These figures demonstrate that the
proposed reduction factors can capture the effects of post-elevated temperature.
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Figure 18. Reduction factors for specimens with M16 bolt.

The accuracy of the proposed reduction factor regressions was verified statistically.

The coefficient of determination (R?
ity reduction (&) and 0.958 for the

) values were found to be 0.973 for the plastic capac-
ultimate capacity reduction (&), indicating that the

equations capture more than 95-97% of the experimental variance. The corresponding
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root mean square errors (RMSE) were 0.030 and 0.023, respectively, which correspond
to an average prediction deviation below 3%. These results confirm that the proposed
expressions provide an excellent fit to the experimental data, ensuring reliable use of the
reduction factors in post-fire design calculations.
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Figure 19. Reduction factors for specimens with M24 bolt.

The proposed temperature-dependent reduction factors (&, and &) provide a simple,
code-compatible means of incorporating post-fire strength degradation into the standards.
When multiplied by the ambient-temperature design resistance, they allow engineers to
estimate the residual plastic and ultimate capacities of fire-exposed T-stubs without altering
the underlying design equations. Statistical verification (R? ~ 0.97, RMSE = 0.03) confirms
a high level of predictive confidence and a remaining safety margin of about 8-10 % below
the experimental mean.

4.4. Ductility

The yield displacement is defined as the displacement at which plastic behavior occurs.
The ultimate displacement is defined as the point at which the load reduces below 85% of
the ultimate capacity. The yield and ultimate displacements for the specimens with M16
and M24 bolts are shown in Figures 20 and 21, respectively. It is seen that the specimens
with a pf of 80 mm exhibited the highest ultimate displacement capacity, while those
with a p¢ of 40 mm exhibited the lowest. No direct relation with ps was detected for the
yield displacement. A general trend is observed that as the applied elevated temperature
increases, the yield displacement increases for the yield displacement. For the ultimate
displacement, no direct relation with the applied temperature was observed. The yield
displacements of the specimens with M16 bolts are higher than those of the specimens with

M24 bolts.
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Figure 20. Yield and ultimate displacements for specimens with M16 bolt.
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Figure 21. Yield and ultimate displacements for specimens with M24 bolt.

A ductility factor was calculated by dividing the plastic displacement by the ultimate
displacement. The calculated ductility factor is depicted in Figure 22. For the reference
specimens with M24 bolts, the ductility values of pf of 40 mm, 60 mm, and 80 mm are
11.21,12.39, and 13.71, respectively. These values decreased to 6.12, 7.80, and 10.92 when
the specimens were exposed to 1200 °C. It is generally observed that as the temperature
increases, the ductility decreases. The highest ductility was observed in specimens with a
pf of 80 mm, while the lowest ductility was observed in specimens with a pf of 40 mm. The
ductility decreased as the value of pf decreased. The specimens with M24 bolts exhibited
higher ductility than the specimens with M16 bolts.
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Figure 22. Ductility factors for specimens with M16 and M24 bolts.

4.5. Statistical Analysis

According to the results of the two-factor ANOVA, both temperature and p¢ have a
statistically significant effect on plastic capacity (Pjrq) in M16 and M24 specimens. For
the M16 T-stub samples, F(5,10) = 24.51 and p = 2.6 x 107> (<0.001) were found for the
temperature factor, while F(2,10) = 87.44 and p = 4.6 x 10~ (<0.001) were obtained for
the pf factor. The total sum of squares (SS) is 9924.94, of which 46.85% corresponds to
the temperature factor and 67.36% to the pf factor. This indicates that both parameters
contribute significantly to the variability in plastic capacity. Similar statistical trends
were observed in the M24 T-stub samples. The values obtained were F(5,10) = 16.22 and
p=1.6 x 107* (<0.001) for the temperature factor and F(2,10) = 152.85 and p = 3.2 x 1078
(<0.001) for the pf factor. The total sum of squares for the M24 samples was 30667.78, of
which 20.4% corresponded to the temperature factor and 77.1% to the p¢ factor. The mean
square (MS) values were found to be 38.23 for M16 and 77.29 for M24, indicating low
within-group variance. This statistical analysis confirms that, at a 95% confidence level,
both the temperature and ps factors have significant main effects on plastic capacity (Pjrq)
in the M16 and M24 configurations, and that random errors are not dominant in the total
variance structure.
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The results of the two-factor ANOVA indicate that both the temperature and ps factors
have statistically significant effects on the ultimate capacity (Pu) values of the M16 and M24
T-stub specimens. For M16 T-stub specimens, F(5,10) = 132.15, p < 0.001 for the temperature
factor, and F(2,10) = 75.13, p < 0.001 for the pf factor; for the M24 T-stub samples, the values
obtained were F(5,10) = 87.91, p < 0.001 for the temperature factor, and F(2,10) = 17.33,
p < 0.01 for the p¢ factor. However, the effect of the p; parameter on Pu does not show
a linear trend. No regular increase or decrease was observed between the increase in
the p; value and the ultimate capacity; the highest average Pu value was obtained at
pf = 60 mm. This situation indicates that p; affects the connection behavior, but the effect is
not monotonic; rather, it has a quadratic character. Therefore, even though the py factor is
statistically significant in the ANOVA analysis, this effect should not be interpreted as a
direct proportional relationship.

5. Proposed Calculations of T-Stubs After Post-Fire

The capacity of T-stubs was calculated using the methods given in Section 2. The
yield strength of the materials obtained from the coupon tests was utilized while using
the methods given in AISC and Eurocode. In other words, the actual yield strength of the
flange exposed to elevated temperature was used to calculate the post-fire capacity of the
T-stubs. Table 6 shows the calculated capacities from AISC (Parsc), Eurocode Method 1
(Pgc1), and Eurocode Method 2 (Pgc 7). These capacities were compared with the plastic
strength of the T-stub (P; rq). The average ratio of Pjrq to Paisc for 18 specimens with M24
bolts is 1.84. The maximum, minimum, and standard deviation of P rq4/Parsc are 2.79, 1.38,
and 0.33. On the other hand, the average ratio of Pjrq to Pgc 1 for 18 specimens with M24
bolts is 1.67. The maximum, minimum, and standard deviation of P]-,Rd /Ppc 1 are 2.45,1.30,
and 0.27. The average ratio changes to 1.37 for the case Pgc 2. The maximum, minimum,
and standard deviation of Pjrq4/PEc 2 are 1.88, 1.12, and 0.19. These ratios change for the
specimens with M16 bolts. The average ratio of Pjrq to Parsc for 18 specimens with M16
bolts is 1.44. The maximum, minimum, and standard deviation of the (Pjrq4/Paisc) are
1.77,1.19, and 0.15. The average ratio of P rq to Pgc,1 for 18 specimens with M16 bolts is
1.31. Maximum, minimum, and standard deviation values of P;rq/Pgc,1 are 1.63, 1.05, and
0.14. The average ratio changes to 1.16 in the case of PEC 2. The maximum, minimum, and
standard deviation of Pjrq/Prc,2 are 1.45, 0.89, and 0.15.

The ratios given above show that the current standards underestimate the plastic
capacities of unstiffened T-stubs. The difference between the actual and predicted capacities
can be attributed to several factors. First, the component method adopted in Eurocode
assumes simplified yield line mechanisms with hinge locations fixed at idealized positions.
In practice, however, the yield lines observed in the experiments developed at slightly
different positions, leading to a shorter effective lever arm and higher resistance. Second,
both AISC and Eurocode neglect the contribution of strain hardening and membrane
effects, which were clearly observed in the experiments at large deformations. These effects
increased the actual plastic capacity beyond the code predictions. Moreover, to account for
the effects of elevated post-temperature, a reduction factor should be implemented. The
proposed calculation by Ozkilig [11] is modified with a reduction factor. Equation (12) is
proposed for the calculation of unstiffened T-stubs after exposure to elevated temperature.

Fyt5bp
Pf - O75db — O.Stw

Pp = ¢p (12)
where () is defined in Equations (7) and (8).

The ratios of P rq to Pp are given in Table 5. For 36 specimens, the average, maximum,
minimum, and standard deviation ratios of P rq to Paisc is 1.64,2.79, 1.19, and 0.33. On the
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other hand, the average ratio of P]-,Rd to Ppc 1 for all specimens is 1.49, 2.45, 1.05, and 0.28.
These ratios are modified to 1.26, 1.88, 0.89, and 0.2 for the case of Pgc . When the proposed
modifications are utilized, the average, maximum, minimum, and standard deviation ratios
of Pirq to Pp change to 1.08, 1.47, 0.80, and 0.16. Figure 23 compares the measured and

computed capacities.
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Figure 23. Comparison of measured and predicted capacities.
Table 6. Calculated and proposed capacities.

Test Bolt ps Temperature Pj,Rd Parsc PEC,l PEC,Z PP Pj,Rd/PAISC Pj,Rd/PEC,l Pj,RdIPEC,Z Pj,RdIPp
Ul M24 40 24 168 80 91 119 187 2.09 1.84 1.41 0.90
U2 M24 60 24 100 54 58 70 86 1.87 1.72 1.44 1.16
U3 M24 80 24 65 40 43 49 56 1.62 1.52 1.31 1.16
U4 M24 40 400 165 80 91 119 187 2.05 1.81 1.38 0.88
U5 M24 60 400 96 54 58 70 86 1.79 1.65 1.38 1.11
U6 M24 80 400 64 40 43 49 56 1.59 1.50 1.29 1.14
u7 M24 40 600 156 81 92 120 178 1.93 1.69 1.30 0.88
Us M24 60 600 87 54 59 70 82 1.61 1.48 1.24 1.06
U9 M24 80 600 59 41 43 50 53 1.46 1.37 1.18 1.11

uU10 M24 40 800 141 71 80 104 156 2.00 1.76 1.35 0.90

Ul1 M24 60 800 81 47 51 61 72 1.72 1.59 1.33 1.12

U12 M24 80 800 54 35 38 43 47 1.53 1.44 1.24 1.15

U13 M24 40 1000 116 64 72 94 122 1.82 1.61 1.23 0.95

U14 M24 60 1000 70 42 46 55 57 1.65 1.52 1.27 1.24

U15 M24 80 1000 44 32 34 39 37 1.38 1.30 1.12 1.20

Ule M24 40 1200 92 33 38 49 77 2.79 2.45 1.88 1.20

u17 M24 60 1200 52 22 24 29 35 2.36 217 1.82 147

U18 M24 80 1200 30 17 18 20 23 1.82 1.71 1.48 1.30

U19 M16 40 24 117 80 91 108 139 146 1.28 1.08 0.84

U20 Mi16 60 24 84 54 58 65 74 1.57 1.44 1.28 1.13

U21 M16 80 24 56 40 43 47 51 1.39 1.31 1.19 1.10

U22 Mile6 40 400 115 80 91 108 139 1.43 1.26 1.06 0.83

U23 M16 60 400 82 54 58 65 74 1.53 141 1.25 1.10

U24 M16 80 400 55 40 43 47 51 1.37 1.29 1.17 1.08
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Table 6. Cont.
Test Bolt ps Temperature Pira Paisc Peca Pgc2 Py Pj,Rd/PAISC Pj,Rd/PEC,l Pj,Rd/PEC,Z Pj,Rd/Pp
U25 Mi16 40 600 105 81 92 109 132 1.30 1.14 0.96 0.80
U26 Mil6 60 600 80 54 59 66 71 1.48 1.36 1.21 1.13
u27 Mi16 80 600 55 41 43 47 48 1.36 1.28 1.16 1.14
U28 Mil6 40 800 93 71 80 95 116 1.32 1.16 0.98 0.80
U29 Mi16 60 800 70 47 51 57 62 1.49 1.37 1.22 1.13
U30 Mil6 80 800 48 35 38 41 42 1.36 1.28 1.16 1.13
U3l Mil6 40 1000 76 64 72 86 91 1.19 1.05 0.89 0.84
U32 Mi16 60 1000 56 42 46 52 49 1.32 1.22 1.08 1.15
U33 Mil6 80 1000 40 32 34 37 33 1.26 1.18 1.08 1.20
U34 Mi16 40 1200 57 33 38 44 57 1.73 1.52 1.28 1.00
U35 Mil6 60 1200 39 22 24 27 30 1.77 1.63 1.45 1.28
U36 Mi16 80 1200 26 17 18 19 21 1.58 148 1.35 1.25

6. Conclusions

Within the scope of the study, 36 T-stubs were tested. A total of 30 of them were

exposed to high temperature, while 6 were not subjected to high temperature. The tem-
perature values were selected as 400 °C, 600 °C, 800 °C, 1000 °C, and 1200 °C. The values
for the distance from the bolt row to the stem of the T-stub (ps) were selected as 40 mm,

60 mm, and 80 mm. The results obtained within the scope of the study can be summarized

as follows:

Increasing the value of pf resulted in a significant reduction in the plastic capacity.
On the other hand, a direct relationship between p¢ and ultimate capacity was not
detected. These results are aligned with the findings given in the literature [11,23,24].
As the p¢ value or the applied elevated temperature increases, the Py/Pjrq
ratios increase.

No significant change in either plastic or ultimate capacity was observed up to
400 °C. After this temperature, the plastic and ultimate capacity decrease as the applied
elevated temperature increases. Especially at the applied elevated temperature of
either 1000 °C or 1200 °C, a significant reduction in the plastic and ultimate capacity
was observed. It should also be noted that the effects of elevated temperature are more
dramatic on the plastic capacity.

As the ps value increases, the ultimate displacement capacity increases. A direct
relation was not observed between the ps and the yield displacement.

A general trend observed is that the yield displacement increases as the applied
elevated temperature rises. For ultimate displacement, no direct relation with the
applied temperature was observed.

It is generally observed that the ductility decreases as the applied elevated temperature
increases. On the other hand, the ductility increases as the value of p increases.

The average ratios of Pj rq to Parsc, Pec,1, and Pgc 2 are 1.64,1.49, and 1.26. These ratios
show that the current standards underestimate the capacities. A modified calculation
is proposed to obtain more accurate results, as well as account for conditions following
elevated temperature exposure. The average ratio of Pjrq to Pp is computed as 1.08.
Reduction factors for both plastic and ultimate capacities were proposed in or-
der to take into account the effects of post-elevated temperature effects. The
proposed reduction factors are capable of predicting the effects of post-elevated
temperature exposure.

The findings demonstrate that unstiffened T-stubs may retain significant residual
strength even after exposure to elevated temperatures (>600 °C). This highlights
the potential possibility of repair and reuse of fire-damaged steel joints, rather than
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automatic demolition, provided that appropriate post-fire assessment and safety
checks are performed.

7. Limitations of the Study and Future Works

The present study represents a component-level investigation focused on the post-
fire performance of the flange portion of unstiffened T-stubs. The bolts and nuts were
intentionally kept at ambient conditions to isolate the effects of flange material degradation
and to ensure consistent Mode 1 failure. Consequently, the derived reduction factors are
applicable to the flange component of T-stubs and should be combined with standard
post-fire assessments of bolt strength and pretension loss when evaluating complete joints.

These findings provide reliable baseline data for post-fire analytical modeling and
design calibration, but further research involving fully heated assemblies and combined
thermal-mechanical loading is necessary to generalize the conclusions to full connec-
tion behavior. Despite these limitations, the proposed framework offers a valuable
first step toward developing practical post-fire assessment procedures for thin-plated
steel connections.

Therefore, any recommendation for repair or reuse should be limited to the flange
component and supported by further experimental work involving fully heated assemblies,
where the combined effects of bolt degradation, loss of pretension, and contact behavior are
captured. Future research should extend these findings to complete connection systems to
confirm their overall post-fire performance. Furthermore, the future studies should focus
on extending these relationships to stiffened configurations, different failure modes, and
cyclic or combined loading scenarios.
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