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BACKGROUND -

» EPSRC funded project — RESllient buildings using STainless steel (RESIST)

Vision: To bring a step-change in resilience of new and rehabilitated steel
buildings by the strategic use of highly ductile elements in key locations ™
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BACKGROUND g

» EPSRC funded project — RESllient buildings using STainless steel (RESIST)

I WP2: Fire and Post-Fire Resistance
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BACKGROUND -

» Research objectives — fire and post-fire
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Material properties



MATERIAL PROPERTIES &

» Post-fire material tests on stainless steel H500 (nickel-free) plates
* 46 coupon specimens heated in furnace.

 Heated at a rate of 10 °C/min.

« Exposed to the target temperature for 20 minutes.
 Two cooling techniques

« Cool in water (CIW) in a metal bucket.

« Cool in air on top of a brick.
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MATERIAL PROPERTIES i
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MATERIAL PROPERTIES i

» Post-fire mechanical properties

Mechanical properties

20 104764 525 5703 5856 600 9791 572  65.1
100 203239| 5241 5684 5845 5986 9792 574  67.5
200 199021| 524.8 5725 5885 603.3 9864 574 657
300 198709| 5344 5732 5866 600.5 9821 566  66.9
400 196403 539.6 5743 591 604  986.6 576  66.7

500 177337| 5212 5728 5882 6016 9844 57.6 67
600 176701| 5176 | 5786 594.8 6083 9862 56.7  65.9
_ 700 157387|) 503.7 | 5745 591 6056 9836 559 502
Stiffness 800 160330|' 492.2 ' 5736 5935 610 ' 963.1: 442 445
loss 900 151860 |! 475.7 ! 567.5 5955 613.8 ! 9558 | 421 424
1000 148272|: 4821 . 5733 5946 6102 9833, 561  64.3
1100 135433 |1 4756 ! 5414 559.9 5726 95271 612  70.2
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MATERIAL PROPERTIES &
> Microstructural tests « EDX (energy dispersive x-ray)

* XRD (x-ray diffraction)

® Austenite Cr segregation

/
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2-Thetha (degree)
- EBSD (electron backscatter diffraction)
Small grain sizes Slight increase in grain sizes Larger grain sizes
7 o — 3 [ B 4 "’«I ;J‘ [ B )
/& g =P,

o Lo e g -
& ,gg? i g 20 um
- - e

(a) 20 °C (b) 600 °C (c) 1100°C () SEM (scanning electron mioscoy )

Chunyan Quan Key findings from the RESIST project 10




MATERIAL PROPERTIES i

» Fracture of stainless steel plates and bolts

Centre Coupon (from M16 bolt) Edge Coupon (from M16 bolt)
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CONNECTION BEHAVIOUR

> FE mOde"ing in ABAQUS Four-stage model
. A
- C3D8R Brick Elements for
'#Kﬂ““'w
~ [Column

« EC3 Material models 2 forl |
« Four-stage model &

« Carbon steel
+ Two-sage Ramberg-Osgood model . b o N

&1 &y r & &g e %5-*---..3%__&_“
« Stainless steel plates p Strain ¢ e ™~~~ Bum
p & il e e
. i | B
. H|gh-strength steel p|ates Two-stage Ramberg-Osgood model ::::;ﬂ,h o :; l["*“‘ =7
4 I Py n |
2.7 & S
. fpo.z,T

» Three static load steps: o

* Bolt preload = |

« Uniform heating B

« Displacement controlled loading 60021 Err Gur

Strain ¢
13
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CONNECTION BEHAVIOUR &

» FE modelling in ABAQUS

* Mechanical strain attains fracture strain

« Plates: at any point é 180
- Bolts: average strain s 130
£ 120 ¢
=
 First occurring failure among: g 9
. . an
(i) plate failure M, ;. £ 60
(ii) bolt failure M, 2 30
(i) peak point in M-8 curve M,, .., 0

0 20 40 60 80 100 120 140
Connection rotation § (1073 rad)
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CONNECTION BEHAVIOUR
» Validation study (endplate)

500 200
B £

% 400 5 160
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% 300 = 120
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) ‘ Room temperature on
= [ g
S | Test Q690A1 9
100 =

g - —— Test Q690A2 3 40
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0 1 1 1 1 O
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Connection rotation & (1073 rad)

LE, Max. Principal
(Ava: 75%)

* High-strength steel endplate connections at 20°C and 550°C:

Test Q960F1
————— Test Q960F2
e FE

20 40 60 80 100
Connection rotation 6 (10-3 rad)

pel_ | LE, Max, Principal
(Avg: 75%)

Column

Stiffener

/ Endplate ﬁ

o

= Bol Beam
Stitfener

Qiang, Wu, Jiang, Luo & Bijlaard 2018, Int. J. Steel Struct. 18: 1350-1362
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CONNECTION BEHAVIOUR
» Validation study (angle cleat)

Top and bottom angle cleats

45

40 r

35 F

Bending moment M (kNm)

10 |

30 |
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15 F

Mu,test = 41'5//’—

7
Z

MLI,FE = Mu,boll =38.6 4

/

4 /
5

7 7M.

u.

Q/Mu,FF, = Mu,boll =374

rest— 341

Top and bottom with double web angle cleats

» Stainless steel angle cleat connections at room temperature:

60 90 120 150 180
Connection rotation 8 (103 rad)

80 =
Mu.FE = Mu.boll =757 -~ Mu st = 733
Mu,test:74'7 - g ///
70 F // /,O’/
//// ,// Mu,FE:Mu‘bolt:
- -7 68.2
~ 60 } g Rad
= TSWAC-10 o
s 0 7
g /// ///
£ 40 1 Ay
= /) / TSWAC-8
é!) // //
'_é 30 ! //
Q I/
m ,’/
20 I’/
i
)
Il
10 r . Test
————— FE
N 0 1 1
240 270 0 30 60 90 120 150

Connection rotation 6 (103 rad)

Elflah, Theofanous, Dirar & Yuan 2019, J. Constr. Steel Res. 152: 183—-193
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CONNECTION BEHAVIOUR &

» Parametric study (endplate)

+ 56 cases
End Iate End late Bolt Bolt °
Mo | rmtar | chmese o) mtaia| o | TomPertrs (0
¥, Column Benchmark- S355 G8.8 M20
Pl s690 12 G8.8  M20
Stiffener BEl A14420 12 G8.8  M20
Endplate 5 Bl D1.4410 12 G8.8  M20
Bolt P | e ﬂl s 12 N
| S355 12 A4T0 M20 o o0 200 700
BEl A14420 12 A4-70  M20 P T R
ot~ 1126 i BEl D1.4410 12 A4-70  M20
i Bl F1.4509 12 A4-70  M20
Bl s355 10 G8.8  M20
. PN s355 15 G8.8  M20
1., BEEN  s355 12 G88  M16
‘ Bl s355 12 G88  M24
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CONNECTION BEHAVIOUR &

» Parametric study (endplate)
Bolts: G8.8 and stainless steel A4-70

Endplates: S355, austenitic A1.4420, duplex D1.4410 and ferritic stainless steel
\:% !
180 ——r 5 —
. gan
B ./"/ y 5o =L
E 150 T \\/\zT'%l“{\’N—* Hybrid connections: significantly improved ultimate
= s -7 n . . ags . . .
~ 120 | ,/“ i resistances and rotation capacities, highlighting the
. > x
= ! My prae advantages of hybrid connections for fire-resistant design.
Q : O M, boit
8 90 | A/ u,00
g ._/- A]\lu,max
2 o0 $355-E12-B8-M20-T500
2 |} ----- A420-E12-BA47-M20-T500
g 00 - D410-E12-BA47-M20-T500
o ! . ESO9-E12-13|A47-M20-T500

0 20 40 60 80 100 120 140
Connection rotation & (103 rad)

Chunyan Quan Key findings from the RESIST project 18



CONNECTION BEHAVIOUR &

» Parametric study (endplate)

Endplates: S355, S690, austenitic A1.4420, duplex D1.4410

and ferritic stainless steel

250
300°C ¥

e 213 kN)r%g./;;z@eA\ 4
Z. T e T
& 200 ] <706 kNm
§ 150 « Hybrid connections: improved ultimate resistance, owing
g ;X My piate to higher material strength.
Q O Mu,bolt
fo 100 A M, « A1.4420 and F1.4509: improving rotation capacity, owing
5 $355-E12-B8-M20-T300 to greater material ductility.
= — == S690-E12-B8-M20-T300
m 0 - A420-E12-B8-M20-T300

—— D410-E12-B8-M20-T300

0 . 1?509—E|12-B8-|N§120-TI300

0 30 60 90 120 150 180
Connection rotation € (1073 rad)
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CONNECTION BEHAVIOUR &

» Parametric study (endplate)
Bolts: G8.8, and stainless steel A4-70

-
S

S355-E12-B8-M20-T700
- — == S355-E12-BA47-M20-T700
S355-E12-B10-M20-T700  _ -

N
-

W
S
T

\

—=X48 kNm |~ Hybrid connection: greater ultimate resistance and

£
&
= . s . .
= 40 rotation capacity, owing to superior strength and ductility.
Q
g 30
2 20 —
;g X A?u,plate
5 10 O M, poi
A AM
0 1 1 1 i pmax

0 20 40 60 80 100
Connection rotation 6 (10-3 rad)
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CONNECTION BEHAVIOUR &

» Parametric study (angle cleat)

» Top and bottom angle cleats (TB)
« Top and bottom with double web angle cleats (TBW)

<—— Column
100 ‘ 125
I 30 65
S _;J[ : f"l’ cleat o SLH IR 104 cases in total
=S 0 H Parameter Variables Benchmark (B)
B S i :: ~ Webceat  RP— o 60]| [[[] (i) Cleat material S355, 8690, H500, D1.4410, F1.4509 S355
= : 3 (i) Bolt material G8.8, A4-70 G8.8
R ~ .}, B (iii) TB Cleat thickness (mm) 10, 12, 15 12
=T Bottom cleat i ° 0 ° TBW Cleat thickness (mm) 6, 8, 10 8
z 1470 | B0 65 (iv) Boltsize M12, M16, M20 M16
(v) Temperature (°C) 20, 300, 500, 700 (all)
18 18
,VT;;‘ \—‘tu.: s ZJJ’
Front view 250 Side view
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CONNECTION BEHAVIOUR
» Parametric study (angle cleat) — Benchmark case

40

30

(}]
<

Bending moment M (kNm)

10

Room temperature, angle cleat critical

X M, u.plate
O A [11,13011
& J[u.ma\' 35 kKNm
\| PeeQ
|| (Avg: 75%)
0.19
0.17
= 0.16
0.14
0.13
0.11
0.09
0.08
0.06
0.05
B 0.03
0.02
0.00
——TB-S355-C12-B8-M16-T20
0 30 60 90 120 150

Connection rotation € (107} rad)

180

Bending moment A/ (kKNm)

(o]
S

(]
n

n

é 500°C, bolt critical

X M,

 plate

L O A [mbolr 24 kKNm
N M

umax

PEEQ
(Avg: 75%)

R
000000000000

000DOR =N
ONEORONLORO

— TB-S8355-C12-B8-M16-T500

1 1 1 1

0 30 60 90 120
Connection rotation & (10-* rad)

150
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CONNECTION BEHAVIOUR &

» Parametric study (angle cleat)

Bolt material grades

(8.8, stainless steel A4-70 50

Angle cleat material grades
S355, , duplex D1.4410 =

N
(@)

o Stainless steel bolts:

[\
S

* Improve ultimate resistance

Bending moment M (kNm)
(O8]
()

» Stainless steel angle cleats and bolts:

' TB-S355-C12-B8-M16-T500 (B)
[————- TB-S355-C12-BA47-M16-T500

10 t
N . : . TB-H500-C12-BA47-M16-T500
 Significantly improve ultimate resistance o TB-DA10-C12-BA47-M16.T500
. : : / TB-F509-C12-BA47-M16-T500
« May increase rotation capacity 0 - - - -
0 30 60 90 120 150

Connection rotation @ (10~ rad)
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CONNECTION BEHAVIOUR &

» Parametric study (angle cleat)

* Hybrid connections improve ultimate strengths on average:

4 2
31% 15% Bolt gradel[ |26% * 95%
g ©® G838
m 3 - * A4-70]f . *
5 0 (8.8
= . | TBW o ad70]l | lo © o
=
= Y ° ° 8 & ®
2 1_88 ....... é ....... 8 ....... G- _..8 ...... 8 ....... g ....... O ........ & 4d.@....@&. ... % ....... 0. ’ .. _Q ........ .Q ....... e.....
20°C ¥ 300°C W500°C M 700°C
0 | | | | | | | | | | ] ] ] ] ] ] ] ] ] ]

H500 D410 F509 S690 S355 H500 D410 F509 S690 S355 H500 D410 F509 S690 S355 H500 D410 F509 S690 S355
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DESIGN METHODOLOGIES &

» Endplate connections

EN 1993-1-8:2024 provides component-based method (CBM): connection — springs — individual components.

Plastic
hinge
Bolts in tension

Tension zone

Tension

8 Endplate in bending T-stub
Column flange i bending

Column web
panel in shear

Shear zone

Shear

e

Column web

Compression zone

Compression

sl Beam flange in
compression

1 compression| | e

Chunyan Quan Key findings from the RESIST project 26



DESIGN METHODOLOGIES &

» Endplate connections

« Component-based method
v' Room temperature design
? Extended to elevated temperature design

M A
I ? Ultimate resistance M,
v Initial stiffness K, ;, calculated using E; L . .
/ I
qu — equivalent lever arm \/ Myprrmm - I
Ko =77
—+—+— |
kg, k. k |
all boltrows  compression zone  shear zone |
|
v’ Plastic resistance M, calculated using f, |
//Kim/2 (for endplate connections) ‘:
911

My =2 Fh o
o\

tension resistance of the bolt row distance of the bolt-row from the compression centre
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DESIGN METHODOLOGIES &

» Endplate connections

v" Ultimate resistance M,

shape parameter, negligible influence and taken as 0
for endplate connections (Yee & Melchers, 1986)

—(K —-K +c6)6 —
M =M {1-exp ( M" ) +K 0 ——> Proposal: M =M <1-exp %}{9 +0.02K 6

y \

0.02 of K,,;, reasonable fit to steel connection data (Jing 2004)

(Yee & Melchers, 1986)

M A )
No UPP?,.[«-\—‘\m'\"‘ -
v" Rotation limit 6, e
elevated temperature effect material grade effect M A
¢ =005radxe /¢  =0.05radxk ¢ /¢
£,7. elevated temperature ultimate strain of the critical element
&, pasic- FOOM temperature ultimate strain of the basic material grade for the same element |
(G8.8 for bolts and S355 for plates) [/ Ky/2 (for endplate connections) ' R

0 b, >
Key findings from the RESIST project 28
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DESIGN METHODOLOGIES &

» Endplate connections
v' Application

« Summary of parametric studies (56 cases in total)
KK My pre/My re
m 0.84 0.93 0.77

CoV 0.064 0.090 0.074
0.96 1.09 0.88
0.70 0.76 0.60

v’ M, are accurate and safe.

v Kinipre @nd M, .. are slightly conservative.
v' The conservatismin M, . is partly due to the conservatism in the predicted K, ;.. and M, .

v 6, ., accounts for the reduction in rotation at elevated temperatures.

u,pre
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DESIGN METHODOLOGIES
» Angle cleat connections EN 1993-1-8:2024: Equivalent to T-stub in tension
ot

/‘ s ' * Mode 1 Mode 2 Mode 3
> i i
: Plastic
L7 ol =
&

» Proposal

Extend failure modes

Predict full-range behaviour

Apply to hybrid steel connections
Cover elevated temperature scenarios

Bolt fracture

Yan et al., J. Struct. Eng., 2021, 147(1): 04020308:
two further plastic hinges in beam leg
— Mode 1, four hinges (room temperature & ignore bolt extension)

Chunyan Quan Key findings from the RESIST project 30



DESIGN METHODOLOGIES &

> Flow chart

Yo
Lo
| 3 Bolt fracture
Bolt yields 1 A,
: e > F
| - >
|
_ Bolt yields
_CIB1§|c;k first yield component: First hinge develops :
; in column leg at fillet
- Column leg fillet , :
Check next yield component: Second hinge
- Bolt develops in column
- Column leg at bolt leg at bolt

Four plastig
hinges Check next minimum:
- Bolt yield

- Four hinge mechanism

]
Bolt yields ¥

—

Bolt fracture
D

~F
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DESIGN METHODOLOGIES
> Mode 3

12 E, I, [3E.l, + kyn?(3L — 2n)]

K, =
L7 413[3E,I, + kyn2(3L — 2n)] — kyn2(312 — n2)2

L P [ifki +2n(3L — 2n)]
1 312 — n2
2R I? — Fypn(3L% — n?)
e 6E,I,
K 1
27 1 m3

+
kb,post 3Eala
F, = F1+(Fu,b_Fy,b)

F,-F

A2:A1+
2

T 1

— Bolt first yield

+ Simple beam theory
+ Force & moment equilibrium
» Compatibility of bolt extension & angle deflection

E,: elastic modulus of angle

I,: second moment of area of angle

n: distance between prying force and bolt
m: distance between bolt and fillet

L: distance between prying force and fillet
k,: elastic stiffness of bolt

Ko post- POSt-yielding stiffness of bolt

Fy ,: bolt yielding strength

Fyp: bolt ultimate strength

L Bolt fracture

] = F

Force F' (kN)

16

12
g |
4 }

—&— Proposal

0.0

02 04 06 08 10 12 14

Deformation 4 (mm)

Chunyan Quan
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DESIGN METHODOLOGIES &

» Mode 3
16 6
—_ —FE X Mu,plate
& 5 F —@— Proposal O M, poit
12 | é A My max
% 2 S 4 92
N~ 8 |
L; 8 g 3 F1 El[:ﬁﬁngle
%) ¥ g EIHF:; =
- d Bolt first yield %D 2 i :“{‘: e
4 | “ A, 'é JFU
Q 1 k :
—&— Proposal -
1 AL R 0 - -
00 02 04 06 08 1.0 12 14 0 30 60 90
Deformation 4 (mm) Connectionrotation #(10-3 rad)
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DESIGN METHODOLOGIES &

» Mode 2-2
q 1 2
| P.lastic @
§W First yield hinge E
- . >
01— F e
5. 5. 2
o
&
3 4 .%D
o
=
)
i o M
Bolt first yield Bolt fracture
By By
— 1> F : 1= F
2B B

70

60

50

40

30

20

10

Connection rotation & (103 rad)

X Mu,plate
I 4o O My poi
_ / A Mu max
// ’
V
V/
» /
¢¥3
L 712
|
3 1
| FE
——&-- Proposal
0O 30 60 90 120 150 180
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DESIGN METHODOLOGIES &

» Mode 2-1
] 1
g’”‘” First yield 50
| AH —_ X Mu,plate
> F 8 40 O Mu,bolt
2 4 ISy
3 u,max
% 30
Two plastic 8
hinges =
g 20
A, i o
> g 10 FE
° - ——&-- Proposal
O 1 1 1 1 1 1
Bolt fractiife 0 30 60 90 120 150 180
Connection rotation 8 (103 rad)
By
: ] = F|
5
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DESIGN METHODOLOGIES &

> Mode 1

m 1 2
1 Plastic >0
| X
i First yield . M, prate
E o M, bolt
z 40 u,b0
‘ AH . é A Mu,max > 4 5
] — /
2 § 30 | S/
3 2 3 / _—-%4
Two plasti S i
hmg epsas ic g 20 2
o |
£ "1
3
Ay s 10 r FE
'ﬁéﬂ_}’: = ~—4#-- Proposal
5 O 1 1 1 1 1 1
Four plastic 0 30 60 90 120 150 180
niges Connection rotation € (10-3 rad)
T el
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CONCLUSIONS &

» EPSRC funded project — RESllient buildings using STainless steel (RESIST)

» Research outcomes — fire and post-fire

Material Connection Design
properties behaviour methodologies
4 A 4 ) 4 A
y Hytt)rid: itrrr:progerqepts in Extend CBM to fire design
Novel stainless steel strength and rotation i :
H500 plates after fire capacity, especially at Full range beha.v'our
higher temperatures Hybrid connections
? Fract f stainl Fail d h Stifiness
? Fracture of stainless ailure mode may change :
steel plates and bolts at different temperatures Resistance
Deformation
\ J \ J \ J
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