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Categories of Bolted Connections acc. to EN 1993-1-8 ESSEN

Open-Minded

Shear Connections

Category A Category B Ie
Bearing Type Slip-Resistant at
Bolt Classes 4.6 to 10.9 Serviceability/Ultimate
Limit State
Bolt Classes 8.8 and 10.9

Tension Connections

//// // Category D Category E
Non-Preloaded Preloaded Tension
Tension Type Type
k\\ .\\ Bolt Classes 4.6 to 10.9 Bolt Classes 8.8 and 10.9

Target Level |11 | Target Level |

Improvement of serviceability | Guarantee structural safety

= Non preloaded designed categories A (and D) acc. to EN — Categories B, C und E acc. to EN 1993-1-8
1993-1-8, nevertheless preloaded for qualitative
improvement of serviceability

=  Slip minimization
=  Limiting deformation
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Slip-Resistant Bolted Connections ... D! sSeB R @
Open-Minded

..are required, when
deformations in bolted connections must be limited
to pre-defined values either for serviceability or ultimate limit reasons.

I:v,b 4

Slip-Resistant
Connections

Fit Bolts Normal Bolts
a‘. = — -—

-
~ N
7~ Shear plane in

_ the thread of
Shear plane in the bolt.

the shank of the

Cat. B/C bolt. y
\ © Cteam
Shear/Bearing 2F
Resistance Type v,b ; - 2F
Cat. A ¢ 1 : | V,b
| | —
i i
> 5 :
—| |«— smail slip for fit bolts —>| |—
= :I Large slip for normal bolts Deformation o
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Slip-Resistant Connections acc. to EN 1993-1-8 ESSEN
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Slip-Resistant Connection - Categories B Ie
Slip-resistant at serviceability (Cat. B) and at ultimate (Cat. C) Bolt grades 8.8 and 10.9 Slip-Resistant at ULS

I:t,Ed(,ser) . . L.
et Factor for the hole detail kg Number of Friction Surfaces
Nl By Normal hole: k, = 1,0
V / 7"(// 7z Preload F, .
Fs Ra(sen /// | (’f / FuEd(sen P.
I:v,Ed(,ser) I
i : External Load F, ¢4
Slip Factor p .
Ft,Ed(,ser) Partial Safety Factor y,5
Slip Factor p
Surfaces blasted with shot or grit with loose rust removed, not pitted A 0.5
Surfaces hot dip galvanized to EN ISO 1461 and flash (sweep) blasted b B 0.4
and with alkali-zinc silicate paint with a nominal thickness of 40 ym to 80 ym. ’
Surfaces blasted with shot or grit:
a) coated with alkali-zinc silicate paint with a nominal thickness of 40 ym to 80 um; B 0.4
b) thermally sprayed with aluminium or zinc or a combination of both to a nominal i
thickness not exceeding 80 um
<
Surfaces hot dip galvanized to EN ISO 1461 and flash (sweep) blasted C 0.35 2
Surfaces cleaned by wire brushing or flame cleaning, with loose rust removed C 0.3 §
5 2
| Surfaces as rolled D 0.2 &




Slip Factor Test acc. to Annex G of EN 1090-2

Test Specimen
Geometry M20
acc. to
EN 1090-2
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Improved Slip Factor Test Procedure acc. to Annex G of EN 1090-2

Step 1 Step 2
4 Quasi > 1Creep Test
Static Tests (loaded with 90% o)

1 Slip difference

between Smin and

Ll i’"p e 3h < 0.002 mm
{on the basis of first 4 tests) Ye_S I NO_

. v
u g Mean Slip Load

Load

{ I~} penk toud besor Fsm
A ) 'ﬁkd 015 ey {on the basis of all 5 tests)
/\ I Nl @ swdden slip
e 015 mrwm
I losad & shp of
0.1 mm
0 0.15 Slip displacement [mm]

Individual Slip Factors (i)
Mean Slip Factor (Jim)

\

Coefficient of

o
- Additional Tests €<—— Variationfor 5
Tests V < 8%

4-Fhc

H s,
(5 %-Fractile)

Slip deformatlon

Step 3
3 Extended

— > Creep Tests

{on specific load level )

Logt, Logh Log b

Log (time)

Displacement
during design life
{50 years)
<0.3 mm

!

1}
{calkculated on the basis of
the spedific load for which
the extended creep test is

passed)




Load

Determination of the Slip Factor acc

Quasi Static Test
Determination of the Slip Load Fg;

I: maximum load

D
y,

II: the load at which the slip
_~ rateincreases suddenly

;

=

\

lll: load at defined value
of slip displacement

\

\

& o

I o

1 o)

1 8

I

1 Z

1] L

P! |

0 0.10 0.15 0.3 0.5 Slip displacemen

BS 4604 ECCS RCSC [mm]
—)
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. to EN 1090-2

Extended Creep Test

The loading for
test lll is too
high. 1

e ———————

|
|
|
1
1
|
:

t1: minimum duration for test |
t2: minimum duration for test Il
tLd: design life of structure

Log t2

Log tLdV
Log (time)

»

t Log t1
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Measurement of the Preload in the Bolts by Load Cell SR "
Open-Minded

St=74

-

Bss
]

N\

.

Bolt/Nut set EN ISO 4017/ EN 1SO 4032

M16 x 100 - BUMAX 88

Load [kN]

Load cell-05
— Load cell-03

8 ‘ www.uni-due.de/iml

500 1000 1500 2000 2500 3000

Strain-Load cell [pm/m]

N. Stranghdner

UNIVERSITAT

LLoad cell (40 mm)

1801 Lo £
] J" A = & B
180+ | i | | i =
+2500 8
140 \ ]
o
120+ | |I \ | 42000 2
| | I
1001 \ ', | | | @
ary | \ | | +1500
] \ y | \ \ |
| ) /
804 | \ — / | | 4 1000
| f | |
404 | o L= | |—Load {
| Strain-Load cell + 500
0 T 4 )y — 1y
a 1 2 2 4 5 6
Time [min]
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Loss of Preload
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Test duration: 30 min

Austenitic 1.4404 — 1D

7%
6 %
6 %
4 %
4%
3 %

10 -
oA 1D _B8S A SB_BSS Re-used Bumax 88 bolts
97 oA GB B88 eD_GB_B88 Fp,C =88 kN
— 81 .LD_cB BS8 eF_GB Bss
X
e 7 -
®
o 61
o
a 95
G 4.
@
o 3 -
2 -
1 -
0 T T T
1E-09  0.0000001 0.00001 0.1 10 50

Log (time) [a]

Using re-used bolt sets = preload losses are mainly caused by the plate material.
When the bolt is re-used = the additional creep/relaxation in the bolt set is negligible

Preload losses in 50 years = for new bolts = about 10 %
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Static Slip Factor Tests — Bumax 88 ESSEN
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——A_1D_st3 (Fp,C _ Zt=74mm)
—A_SB_st1 (Fp,C _ St=74mm) e
2 €5, < e, Tl Austenitic bolts M16, class 8.8
——D_GB_st1 (Fp,C _ Zt=74mm) (Bumax 88)
—LD_GB_st3 (Fp,C _ Zt=74mm)
250 ——F_GB_st1 (Fp,C _ 5t=74mm) Stainless steel grades
z ; "
= ! = austenitic (1.4404) - A
© '
g 200¢ : = duplex (1.4462) - D
ol g = lean-duplex (1.4162) - LD
_ = ferritic (1.4003) - F =
001 f | 0.8 .
__'_i“_‘_‘—-—-———. 0.7 s i °
50 1 . | °
/ ; - 0.6 T s g ! E b ! . ®
0 | ! | E- 05 = - . !
0 0.05 0.1 0.15 0.2 025 S 4,401 < —
Slip displacement (mean) [mm] E 0-4 1D GB
o 03H § H i VI
: — F) 0.2 s “f’ml
Typical surface finishes ' SB .
i,act
= 1D 0.1 cu
= shot blasted (SB) 0 A_1D_B88' | A_SB_B88’ | A_GB_B88’ | F_GB_B88' | D_GB_B88° |[LD_GB_B88"
. gl’lt blasted (GB) ' Austenitic, 1D surface|* Austenitic, shot blasted | ° Austenitic, grit blasted |
* Ferritic, grit blasted | ® Duplex, grit blasted | ® Lean-duplex, grit blasted
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Static Slip Factor Tests — Bumax 109

350
300 —
250
- ——FG_B109_01L
Z
= 200 ——FG_B109_01T
=
E 150 ——DG_B109_01L
——DG_B109_01T
100 ——LD_B109_01L
50 ——LG_B109_01T
0
0 0.15
Slip displacement (mean) [mm]
350
300
250 — — AGC_B109_01L __,
_ AGC_B109_01T 'E'
z Al
= 200 ——AGB109 03T %o
) =
§ 150 —— AG_B109_03L a
/ f———*pﬁ—"'_#’, —AS. B109 0L @&
100 ] ——— AS_B109 01T
50 o ﬂ —— A1D_B109_01T
/ —— A1D_B109_01L
0
0 0.15

Slip displacement (mean) [mm]
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Austenitic Bolts M16, Class 10.9
(Bumax 109)
0.8 :
& SR ERAREE
- = ] l_'
o, 000 1 | 33 é
0:5 s
e,
0.5 o
0.4 - o GB >
[ ] ° I
03 1D g é : ® [Liini
- L l-'l'i,nom
02 —6 &6 SB ® s
® Uy
0.1
00 A1D_B109'| AS B1092 | AG_B109® | FG_B109% i DG_B109° | LG_B109%
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Topography Between Contact Surfaces £ SeBy
Open-Minded

Austenitic 1.4404 specimens after slip factor test

1D surface Shot blasted surface Grit blasted surface

Flat and uniform contact spots = black arrow

Sliding can be demonstrated by the scratches = blue arrows
Cold welding = red arrows

Deep scratches made by the cold welds = magenta arrow

5th International Experts Seminar
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Creep Tests ESEN

constant load level (0.9 Fg,,,)

Open-Minded
Austenitic 1.4404 - 1D Ferritic 1.4003 — Grit blasted
5 min 180 min - 5 min 180 min
E €
£ E,
T 0.084 ——A_1D_B88_ct (Upper Part) T 024+ ——F_GB_B88_ct (Upper Part)
g ——A_1D_B88_ct (Lower Part) g ——F_GD_B88_ct (Lower Part)
€ 0.06+ € 018+
0 ~0.0019 < 0.002 0
[0} [1}] 0 .
Q (&]
8 o004l el Failed before reaching the
o @
R0 R0
o o
o o
%] %]

0.02+

0.06-)
0"’E"'li‘.:?l‘.::tl‘.:::lll

log (time) [min] log (time) [min]

The creep test was passed for:
 Bumax 88 all series except the Ferritic/GB specimen
 Bumax 109 all series except the Austenitic/1D specimen.

= Almost all creep tests were passed, however, extended creep tests were
additionally conducted.
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Extended Creep Tests

14

:ar-

THHH b

—

==
]

1
1
1
1
|
1
1
1
1

\
\.(-I
\\V II
\ \ 1
\\ 1
i
T — §
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t;» minimum duration for test |
t,: minimum duration for test II
t 4: design life of structure

n

Log t;

Logt, Logt,y Log (time)

displacement CGB* [mm)]

QEa ||| EXCT at 215 kN, 7 days :
030 I CBG* /"f’
- upper CBG = :
PP Mect 1D cB_B109 = 0-49 |7 :
0.25 lower CBG* A :
- = = start EXCT Ll 27
LAY A e 50 Years 11T -~ sz ',;"
- = - = xtrpl 50y P - L1
v -~~~ xtrpl 50 Padil #17] Wk
St i
1| 2 |27
0.05 S RN e E
I | Lean Duplex 1.4162 — Grit blasted
0.00 ! . . .
1.0E+00 1.0E+02 1.0E+04 1.0E+06

log(time_exct) [min]



Extended Creep Tests

Slip displacement (mean) [mm]

Slip displacement (mean) [mm]

0.3

—D_GB_B88_ect1 (Fp,C _ yt=74mm_0.9FSm)
—D_GB_B88_ct1 (Fp,C _ St=74mm_0.9FSm)

0.25+

0.2+

0.15+

0.1+

0.05+

Duplex 1.4462 — Grit blasted

v

Mect b ce_Bss = 0.94

| 4 "

| " +

0 R R G e
1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10

log (time) [a]

—F_GB_BB88_ect1 (Fp,C _ yt=74mm_0.9FSm)
——F_GB_BB88_ect2 (Fp,C _ Yt=74mm_0.9FSm)

—F_GB_BB88_ect3 (Fp,C _ Yt=74mm_0.9FSm)

0.3 .
0.251 Mect F cB Bss = Not pﬁss?

0.2+ ....

0'15__ ......................

0.1+ Bumax -

- -
0.05+ — .
Ferritic 1.4003 — Grit blasted

X

|

0 f f =+ t
1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10

log (time) [a]

displacement CGB* [mm]

displacement CGB* [mm]

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

1.0E+00

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

= = =start EXCT
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'/ ||| EXCT at 260 kN, 79 days ‘/
upper CBG*
lower CBG* - /
Mect b cB_ 109 = 0.59 A
s :
= i
50 years - v ,
- 727
- - -~ xtrpl 50y Lol 7T 4
- - - - xtrpl 50y - o
. - L%
- 1
i ="

Bumax 109

Duplex 1.4462 — Grit blasted

- - - - xtrpl 50y - A

upper CBG* o
lower CBG* :
- = = start EXCT -

1.0e+02 1.0E+04 1.0E+06

log(time_exct) [min]

EXCT at 260 kN (6 days)

Mect F cB_p100 = 0.59

50 vyears -~ v
- - - - xtrpl 50y - 4

Bumax 109 [E

Ferritic 1.4003 — Grit blasted

1.0E+00

1.0E+02 1.0E+04 1.0E+06
log(time_exct) [min]



Extended Creep Tests

—A_GB_B88_ect1 (Fp,C _ yt=74mm_0.9FSm)
— A_GB_BB88_ct1 (Fp,C _ St=74mm_0.9FSm)

0.3

0.25+

0.21

0.15+

0.1+

Slip displacement (mean) [mm]

0.05+

™

Mect A ce_Bss = 0.91

| 4 P

0 T e Ceg
1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10

log (time) [a]

0.35 - ! EXCT at 70 kN, 9.9 days
0.30 - ! . "
_ upper CBG Austenitic 1.4404 — 1D
E 0.25 - lower CBG* ]
_ -~
% = = = start EXCT ~ 7
© 020 | e 50years I"lect_A_lD_Blog =0.16 ”,,”
E - - - - xtrpl 50y e
€ 015 1 ____ xtrpl s0y ,;'”
E 1 ,,//
= 0.10 - ! 1
2 | L
= ] /:’
0.05 1 f ," Bumax 109
0.00 ! i . ‘
1.0E+00 1.0E+02 1.0E+04 1.0E+06

log(time_exct) [min]

displacement CGB* [mm)]
o o o o e
= = A N w
o [y o w o

o

o

gl
\

0.00
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EXCT at 210 kN, 79 days /

P
upper CBG* — -~ :
lower CBG* Mect A cB_ 109 = 0.48 :

Ml rd :

- — = start EXCT -7 S :

~ 7

......... 50 years - P d (,1 :
- - - - xtrpl 50y oY et ,,”,
- — - - xtrpl 50y -~ - ¥
! P B¥ Bumax 109 §

! ” /I :

| Austenitic 1.4404 — Grit blasted

1.0E+00

0.35

0.30 -

0.25 -

0.20 -

0.15 -

0.10 -

displacement CGB* [mm)]

0.05 -

0.00

1.0E+02 1.0E+04 1.0E+06
log(time_exct) [min]

: EXCT at 122 kN, 7 days,

Austenitic 1.4404 — Shot blasted ,,’/

o
? s

’ ff{/
Bumax 109 _- Tk

- .22 upper CBG*
LA (1 e IowerCBG“g
i — — — start EXCT
/ ......... 50 years
- - - - xtrpl 50y

- - - - xtrpl 50y

Mect A _sB_p10o = 0.28

1.0E+00

1.0E+02 1.0E+04 1.0E+06

log(time_exct) [min]
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Slip Factors for Stainless Steel SN "
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Steel grade Surface finish Bolt grade Final slip factor p,, / U
Preload level: Fp,C o © 1Pl
. 1D 0.2/-
Austenitic 1.4404 S Bumax 88 0.49/0.51
Duplex 1.4462 0.54/0.54
1D -/0.16
Austenitic 1.4404 Shot blasted -/0.28
-/0.48
Duplex | 1.4462 o Bumax 109 0.62/0.59
Lean Duplex | 1.4162 0.56/0.49
Ferritic 1.4003 0.64/0.59
Steel grade Surface finish Slip factor p EN 1090-2
1D <0.2 ]_ cl D
Austenitic Shot blasted 0.25 eSS

—

17 | www.uni-due.de/iml
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Summary ESSEN
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= Preload losses in preloaded stainless steel bolted connections =
not significantly higher than for bolted connections made of
carbon steel.

= Highest slip factors = grit blasted surfaces = p 2 0.5
= Lowest slip factor = 1D surfaces = Mgy a 1p 109 = 0-16

= Higher slip factor for grit blasted faying surfaces can be explained
by the topography of the surfaces.

= Slip factors > 0.5 can be achieved

RFCS-Project SIROCO Sl EGGA §EX

. L . . . mw%mmwﬁ»
Execution and reliability of slip-resistant connections FoDelt - md___
for steel structures using CS and SS % ra m@ ARUP
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