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Abstract
Purpose — This study aims to reveal more information and understanding on performance and failure
mechanisms of high strength steel endplate connections after fire.

Design/methodology/approach — An experimental and numerical study on seven endplate connections
after cooling down from fire temperature of 550°C has been carried out and reported herein. Moreover, the
provisions of European design standard for steel structures, Eurocode 3, were validated with test results of
high strength steel endplate connections.

Findings — In endplate connections, a proper design using a thinner high strength steel endplate can achieve
the same failure mode, similar residual load bearing capacity and comparable or even higher rotation capacity
after cooling down from fire. It is found that high strength steel endplate connection can regain more than 90
per cent of its original load bearing capacity after cooling down from fire temperature of 550°C.
Originality/value — The post-fire performance of high strength steel endplate connection has been
reported. The accuracy of Eurocode 3 for endplate connections is validated against test results.
Keywords Numerical study, Experimental study, High strength steel, After fire,

Endplate connection

Paper type Research paper

1. Introduction

For the time being, high strength steels are more and more popular in mechanical
engineering, ship engineering, offshore structures and civil engineering. In practice, high
strength steels have been used in some significant structures and landmark constructions,
such as the New York Freedom Tower, the Beijing Bird’s Nest Olympic Stadium and the
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French cable-stayed road-bridge Millau Viaduct. However, in current literature of civil
engineering, there are very limited reports on the performance of high strength steel
structures. The research status will retard the application of these high strength materials in
civil engineering or lead to an uneconomical design of high strength steel structures.

Since 9.11 tragedy, structural fire safety has been a worldwide key consideration in the
design of building structures. Provided that collapse does not occur when a steel structure is
exposed to fire, the steel members will begin to cool once the fire starts to decay and the air
temperature begins to decrease. Residual forces and deformations redevelop in steel
structures during the cooling phase because of the shrinkage of the steel members, which
might be more dangerous conditions than in fire. If all the structures exposed to fire are
dismantled and then new alternates are built, it is wasteful and time-consuming, whereas if
the postfire structures are reused directly or simply reinforced, it may be
safety-compromised, which makes people feel unsafe when they step into the structures.
Whether the structures exposed to fire should be demolished, repaired or reused directly, a
reliable assessment is needed.

However, in the leading design standards of steel structures all over the world, only the
former British Standard 5950: Part 8 (BS Institution, 1998) has a suggestion about the reuse
of structural steels after fire. According to it, hot finished steels and cast steel can be reused
after fire if the distortions remain within the tolerances for straightness and shape. For mild
steel S235 and S275, it is said that they can be assumed to be able to regain at least 90 per cent
of their mechanical properties. Similarly, for S355, it is said that it can be assumed at least 75
per cent of the strength is regained on cooling from temperatures above 600°C. But no
assumption or suggestion is given for high strength steels in any current design standard of
steel structures all over the world. In current literature, the available studies on post-fire
performance of building structures are very few and mainly focus on steel-concrete
composite joints (Pucinotti et al., 2011), concrete-filled steel tubular columns (Tao et al., 2011;
Yang et al.,, 2008) and mild steel frames (Della Corte et al., 2003). By now, no research report
on post-fire performance of high strength steel structures is available in literature.

In Europe, endplate connections are typical beam-to-column connections for steel
structures produced by welding at workshops and erected by bolting i situ. The simplicity
and economy associated with its fabrication make this type of connection popular in steel
structures. Hence, the post-fire performance of high strength steel endplate connections is
assessed herein to reveal their residual performance after fire, which is a basis for evaluating
the residual performance of an entire structure after cooling down from fire.

First, full-scale tests on seven endplate connections were carried out after cooling down
from fire temperature of 550°C to evaluate their post-fire performance. The moment
resistance, rotation capacity and failure mode of high strength steel endplate connections
after fire were obtained via tests and compared with those of mild steel endplate connections,
as well as with their original performance at ambient temperature without fire exposure.
Moreover, the provisions of European design standard for steel structures, Eurocode 3,
which were mainly obtained based on the mild steel structures, were validated with test
results of high strength steel endplate connections. Furthermore, a numerical study on high
strength steel endplate connections after fire conducted via the commercial package
ABAQUS (2013) is reported. The main characteristics of the finite element model, such as
geometry, materials, mesh, element, contact interaction and analysis progress, are described
in detail. The accuracy of this numerical modeling was validated against the experimental
results on moment-rotation relationship, failure mode and yield line pattern of endplate
connections.
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Figure 1.
Endplate connection
specimen

2. Experimental study

2.1 Test specimen

The endplate connections were designed according to Eurocode 3: Part 1:8 (CEN, 2005). All
specimens were designed to confine failure to the connections (particularly to the endplates in
tensile zone) rather than the beam or column. In the high strength steel endplate connections, the
endplates are made of high strength steels (S690 and S960), while the beam and column are made
of Q345 (similar to S355). The beam sections used in this experimental study are HW300 X 300
(h = 300 mm, b = 300 mm, tw = 10 mm, tf = 15 mm, comparable to European Section HE320A),
and the column sections are HW400 X 400 (h = 428 mm, b = 407 mm, tw = 20 mm, tf = 35 mm,
comparable to European Section HE400M). For comparison, the connections with endplates
made of mild steels Q235 (similar to S235) and Q345 (similar to S355) are also included herein. To
compare the performance of endplate connections after fire with that without exposure to fire, the
tests at ambient temperature without fire exposure on each concerned endplate connection were
carried out as well. The detailed drawing of endplate connection test specimen is shown in
Figure 1, while the characteristics and test conditions of the specimens are shown in Table I.

2.2 Test set-up and procedure

The heating process was conducted in a gas furnace (4.5 X 3.0 X 1.7m). As applying a tensile
load under fire conditions is more stable than applying a compressive load, the connection
specimens were designed to be located upside down to easily apply the tensile load from the
outside of the furnace, as shown in Figure 2.

The specimen was first heated to 550°C at a constant heating rate of 10°C/min [which
corresponds to normally protected steel members in fire (Witteveen ef al., 1976)], after the
temperature of connection components achieved 550°C and was stable for an hour, the
heating was stopped and the specimens began to cool down to ambient temperature, where
the cooling method was natural cooling. After cooling down, the post-fire connection
specimens were loaded at ambient temperature until failure to evaluate the residual load
bearing capacity, displacement, rotation and failure modes of high strength steel endplate
connections after cooling down from fire.
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Performance

Temperature (°C) of
Highest fire specimens in assessment
temperature ambient tests
Endplate Endplate thickness (°C) in post- without fire
Test ID material (mm) Weld type fire tests exposure
1-1P Q235 20 Overmatched 550 -
1-2P S690 12 Matched 550 - 205
1-3P S960 10 Under matched 550 -
2-1P Q235 25 Overmatched 550 -
22P Q345 20 Overmatched 550 -
23P S690 15 Matched 550 -
24P S960 12 Under matched 550 -
1-1A Q235 20 Overmatched - 20
1-2A S690 12 Matched - 20
1-3A S960 10 Under matched - 20
2-1A Q235 25 Overmatched - 20
2-2A Q345 20 Overmatched - 20 Table L.
2-3A S690 15 Matched — 20 Test Specimens and
2-4 A S960 12 Under matched — 20 test conditions
4050
ad cel
ol I..'L":jf.'t ion
£400
gom

2.3 Displacement measurement

In the fire tests, three vertical displacement sensors (DT1-DT3) were used to obtain the
vertical displacement of the beam, as shown in Figure 2. According to the vertical
displacements of beam, the rotation of beam can be calculated. To record the
displacement of column, two vertical displacement sensors (DT5 and DT10) were
arranged. According to the displacement of column, the rotation of column can be
calculated. To measure the displacement of endplate, one vertical displacement sensor
(DT4) and four horizontal displacement sensors (DT6-DT9) were placed, as shown in

Figure 2.
Fire test set-up
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Table II.

Description of
components at the end
of tests

Figure 2. According to the displacement of endplate, the rotation of endplate can be
calculated. Based on the displacements of the aforementioned components, the rotation
of endplate connection in tests can be obtained.

2.4 Test results

2.4.1 Deformation at the end of tests. For all endplate connections after fire, their final
deformation states were photographed at the end of tests at ambient temperature after
cooling down from fire and are presented in Qiang (2013); the final deformation states of
endplate connections at ambient temperature without fire exposure were addressed as well.
An overall description on components of all connections at the end of the tests is listed in
Table II, including post-fire tests and ambient tests.

2.4.2 Moment—rotation relationship of endplate connections. The tested characteristics of
moment-rotation relationship for all endplate connections after cooling down from elevated
temperature of 550°C are presented in Table III. The post-fire moment—rotation comparison
of the connections in Series 1 is shown in Figure 3. It can be seen that their load bearing
capacities are similar, while the maximum rotational capacity of connection 1-2 P (S690 12
mm) is higher than that of connection 1-1 P (Q235 20 mm). In tests, the post-fire connection
S960 10 mm failed because of cracking of the endplate at the heat affected zone of welds after
amoderate amount of plastic deformation on the endplate, which will be addressed hereafter.
Therefore, its rotation capacity is relatively low and not included in the comparison. The
moment—rotation comparison of connections in Series 2 after cooling down from fire is
presented in Figure 4. It can be found that the post-fire load bearing capacities of connections
in Series 2 are similar to each other. The post-fire rotational capacities of connections 2-1 P
(Q235 25 mm), 2-2 P (Q345 20 mm) and 2-3 P (5690 15 mm) are in a comparable range, while
that of connection 2-4 P (5960 12 mm) is higher than the others in connection Series 2.

A conclusion can be drawn that in endplate connections, a proper thinner endplate made
of high strength steel can achieve similar post-fire load bearing capacity and higher (or at
least comparable) post-fire maximum rotational capacity in comparison with a thicker
endplate made of mild steel.

Nutsintop  Weld failure  Bolts in

Endplate Fracture of  tensilerow  in heat compression
Endplate  thickness Endplate  boltsintop  stripped affected almost
TestID  material (mm) yielding  tensilerow  off zone straight
1-1P Q235 20 Yes No No No Yes
1-2P S690 12 Yes No Yes No Yes
1-3P S960 10 Yes No No Yes Yes
2-1P Q235 25 Yes Yes No No Yes
2-2P Q345 20 Yes Yes No No Yes
2-3P S690 15 Yes Yes No No Yes
2-4P S960 12 Yes No Yes No Yes
1-1A Q235 20 Yes No No No Yes
1-2A S690 12 Yes No Yes No Yes
1-3A S960 10 Yes No No Yes Yes
2-1A Q235 25 Yes Yes No No Yes
22A Q345 20 Yes Yes No No Yes
2-3A S690 15 Yes Yes No No Yes
2-4 A S960 12 Yes Yes No No Yes




Downloaded by TONGJ UNIVERSITY, Doctor Xuhong Qiang At 06:23 10 June 2017 (PT)

3. Numerical study

Performance

The finite element software package ABAQUS (2013) 6.8 was used to numerically simulate assessment
the performance of high strength steel endplate connections after fire and at ambient
temperature as well.
3.1 Finite element model 207
The geometric details of all connections’ components modeled using finite equation
modeling are the same as those of the test specimens. Because the geometric details, load,
temperature distribution and boundary conditions of the beam-to-column endplate
connection are symmetric, half of the endplate connection was modeled to reduce computer
costs. There are seven surface-to-surface contact interactions and seven tie interactions in
this finite element model, and the materials are endowed with non-linear properties. The
whole connection was modeled using C3D8I elements.
Endplate Peak load
Moment Connection
Test ID Material Thickness (mm) (kN-pum) Force (kN) rotation ¢ (mrad)
1-1P Q235 20 255.56 237.51 249
1-2P S690 12 226.67 210.66 397
1-3P 960 10 230.80 21450 147 Table IIL
2-1P Q235 25 272.59 253.34 150 Characteristics of
22P Q345 20 272.35 25311 139 connections after
2-3P S690 15 261.79 243.30 141 Cooling down from fire
24P S960 12 252.85 234.99 238 temperature of 550°C
300
—— Q235 20mm
250 1 - - - $690 12mm
----- S960 10mm
= 200 +
-
4
8
£ 150 4
[
£
g
100 -
e g i =
1’ -
50
Figure 3.
Moment-rotation
comparison of
0 — 1 connection Series 1

0 50 100 150 200 250 300 350 400 450
rotation ¢ (mrad)

after cooling down
from fire.
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Figure 4.
Moment-rotation
comparison of
connection Series 2
after cooling down
from fire

300
i = i
= AR —— Q235 25mm
el - - - Q345 20mm
A
i = - = S690 15mm
- S S [T S960 12mm
A '
=
X 150
£
[
£
g 100+
50
0 v 1 =1 e R e . T
] 50 100 150 200 250 300 350 400 450

rotation ¢ (mrad)

3.2 Contact interaction and analysis process

The contact pairs in this numerical model comprise the bolts-to-column flange, column
flange-to-endplate, endplate-to-nuts and bolt shanks-to-bolt holes. The nuts were tied to the
corresponding bolt shanks. Surface-to-surface contact, with a small sliding option, was used
for all contact surfaces to fully transfer load. The penalty friction was used in the contact
interaction property. To handle contact interaction problem, the whole analysis process
comprised five analysis steps. In the first step, the bolts and endplate were temporarily
restrained of all direction freedoms, and then a very small temporary load was applied to
every bolt for restraining the bolt pairs temporarily. In the second step, the bolts and the
endplate were freed from any temporary restraint. In the third step, the length of every bolt
was fixed. In the fourth step, the temperature field for all components was set to 20°C, where
the material properties used in this model were post-fire mechanical properties of structural
steels after cooling down from fire temperature of 550°C. In the fifth step, an equivalent
vertical surface traction converted from the vertical load was applied to the beam flange at
the stiffener for loading. The first three analysis steps helped contact interactions to be
established smoothly, which is effective to decrease calculation time and eliminate errors.
The failure criterion used herein is based on deformation by assuming that cracking occurs
when the ultimate strain &, of the material (either endplate or bolt) is reached, as proposed by
Coelho et al. (2002) and Coelho (2004).

3.3 Material properties

In this finite element modeling, the material properties of mild steels (including Q235 and
Q345) after cooling down from fire temperature of 550°C are 90 per cent of their original
mechanical properties at ambient temperature without fire exposure, according to the
recommendation on post-fire remaining factor of S235 and S275 of British Standard 5950:
Part 8 (BS Institution, 1998). The material properties of Grade 8.8 bolt assembly at ambient
temperature without fire exposure input herein are in accordance with those reported by the
University of Sheffield in literature (Hu et al., 2007, 2008; Hu, 2009) (Theodorou, 2003), and the
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remaining factors of mechanical properties of Grade 8.8 bolt assembly after fire reported by
Lou et al. (2010) are used herein. The material properties of high strength steels S690 and
S960 after cooling down from fire input in this finite element model are obtained by the
experimental study presented in references (Qiang et al., 2012, 2013).

4. Discussions

4.1 Validation of numerical modeling against experimental results

4.1.1 Deformation at the end of test. The numerically simulated final deformation states of
all endplate connections after cooling down from fire temperature of 550°C were compared
with those obtained from the experimental study. Figures 5 and 6 present the comparisons of
the final deformation state of connection 2-3 P (5690 15 mm) and its components after failure
at ambient temperature after cooling down from fire temperature of 550°C, as an example. It
can be seen that good agreements exist on the final deformation of connection 2-3 P (5690 15
mm) after fire. Although the current numerical model cannot simulate the fracture of the
bolts, it is able to reveal the location where the fracture initiates and evolves, as shown in
Figure 6. Similar conclusions can be drawn for all seven connection specimens after cooling
down from fire.

4.1.2 Moment—rotation characteristic. The comparisons of numerical modeling and
experimental study on the moment—rotation relationship of various endplate connections
(both high strength steel endplate connections and mild steel endplate connections) after
cooling down from elevated temperature of 550°C at ambient temperature were carried out,
where good agreements exist in general on initial stiffness, load bearing capacity and the
connection rotation at the maximum load level ¢, ... For example, Figure 7 illustrates the
moment-rotation comparison of two connections 2-3 P and 2-4 A.

Performance
assessment
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Figure 5.
Comparison on final
deformation state of

connection 2-3 P (S690
15 mm) after cooling
down from fire
temperature of 550°C
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Figure 6.
Comparison on
post-fire components
of connection 2-3 P
(5690 15 mm) after
failure

Notes: (a) Endplate front view; (b) endplate side view: (c) bolts

4.2 Verification against Eurocode 3

4.2.1 Failure modes. According to Eurocode 3 Part:1-8 (CEN, 2005), there are three failure
modes for endplate connections. Mode 1 is complete yielding of endplate or column
flange, Mode 2 is bolt failure with yielding of endplate or column flange and Mode 3 is
bolt failure. Mode 3 is considered to be brittle and should be avoided in practical design.
The failure modes of all endplate connections after fire obtained via theoretical analysis
based on the rules of Eurocode 3 Part:1-8 (CEN, 2005) were validated against those from
post-fire tests, as shown in Table IV. It can be observed that the predictions of Eurocode
3 agree very well with the test results.

4.2.2 Plastic flexural resistance. The plastic flexural resistances of all endplate
connections at elevated temperature of 550°C are compared with the theoretical predictions
of Eurocode 3 (CEN, 2005), as listed in Table V. It can be observed that good agreements exist
between the theoretical predictions and experimental results. Via Ratios, presented in
Table V, it can be found that M,  ,, obtained based on Zanon and Zandonini’s (1988)
definition, is generally smaller than M; ., whichis defined according to Weynand's (1997)
proposal and the simplified method recommended by Eurocode 3.

The comparison of M; ., with the predicted plastic flexural resistance according to
Eurocode 3 shows that the predictions of Eurocode 3 are generally at the conservative
side when the test result is obtained based on Weynand'’s evaluation method. However,
when the test-obtained plastic flexural resistance is defined according to Zanon and
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moment{kN-m)

Notes:

T T T T
20 40 &0 B0

rotation 4 (mrad)

(a)

mament (kKN-m)

120

ratation ¢ (mrad)

(b)

(a) 2-3 P (869015 mm); (b) 2-4 A (S960 12 mm)

Failure mode

Test ID Material Thickness (mm) EC3 Test

1-1P Q235 20 Mode 1 Mode 1
1-2P S690 12 Mode 1 Mode 1
1-3P S960 10 Mode 1 Mode 1
2-1P Q235 25 Mode 2 Mode 2
22P Q345 20 Mode 2 Mode 2
2-3P S690 15 Mode 2 Mode 2
2-4P S960 12 Mode 2 Mode 2
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Figure 7.
Moment-rotation
comparison of
endplate connections

Table IV.

Failure modes of
endplate connections
after cooling down
from 550°C

Zandonini’s method, the predictions of Eurocode 3 are not as conservative as the former,
but still on the conservative side in general. This validates that the accuracy of Eurocode
3 is acceptable when used to predict the plastic flexural resistance of endplate
connections after fire, no matter if the endplate is made of mild steels or high strength
structural steels.

5. Conclusion
The following conclusions can be drawn from this experimental and numerical study:

The post-fire load bearing capacity and rotation capacity of endplate connections
are dependent on the combination of endplate material and endplate thickness.

In endplate connections, a proper design using a thinner high strength steel
endplate can achieve the same failure mode, similar residual load bearing capacity
and comparable or even higher rotation capacity after cooling down from fire, in
comparison with a connection with thicker mild steel endplate.

It is found that a high strength steel endplate connection can regain more than 90
per cent of its original load bearing capacity after cooling down from fire
temperature of 550°C. This important finding is very promising for the reuse of
steel structures with high strength steel endplate connections after fire.
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e The accuracy of Eurocode 3 for plastic flexural resistance of endplate connections is
validated to be acceptable when used to predict post-fire performance, no matter if the
endplate is made of mild steels or high strength structural steels.

e The challenge of numerical modeling contact interactions considering material and
geometric non-linear effects has been solved successfully.

e This finite element analysis gives reasonable accuracy compared with the
experimental results, providing an efficient, economical and accurate tool to assess the
post-fire performance of high strength steel endplate connections.

* The parametric study can be further performed using this numerical model to
investigate the post-fire performances of high strength steel endplate connections after
cooling down from various fire temperatures, via inputting proper mechanical
properties of high strength steels after fire, for instance, that of S460, S690 and S960
after cooling down from various fire temperatures.

« By the present modeling method, the first critical component of endplate connections
can be identified, but the occurrence of component fracture and the subsequent failure
of other components cannot be predicted. To improve this numerical simulation, solid
modeling of welds and taking into account fracture features on components are of
importance in future numerical study.
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