Deformationer af UHPSFRC-bjxlker med
forspendt armering

Daniel Peter Brosbel Rasmus Juul Larsen






Malsatning

UHPSFRC

Forsggsserie

Finit element-metoden

Semi-analytisk model

NN Y Y ) D
/S v v T

Resultater




Malsatning

UHPSFRC

Forsggsserie

Finit element-metoden

Semi-analytisk model

NN Y Y ) D
/S v v T

Resultater




Malsatning

1. Modellering af opspaendte UHPSEFRC bjeelker

2. Indflydelsen af opspaending

3. sammenligning af modeller og forsggsresultater




Malsatning

1. Modellering af opspaendte UHPSEFRC bjeelker

2. Indflydelsen af opspaending

3. sammenligning af modeller og forsggsresultater




UHPSFRC

UHPC

Fibre

Styrke parametre

Opspeendte Bjeelker







Straight

Hooked end

Corrugated

Arched

Twisted

(b) Breakout

Straight
Arched
Hooked-end

(c) Fracture




Hardning

Softning :

otyrke parametre

UHPSFRC

A: Multiple cracking
r— R —
B: Smeared and local cracking
r— I —

C: Local cracking

p— -

0




Opspéandte bjeelker

%H

N_ -

(a) Normal transfer (b) Shear transfer

(c) Normal transfer and shear transfer

(¢) Parabolic Tendon




G

Forsggsserie

Cylinder trykforsag

-bjeelke bajningsforseg

Treekforseg af armering

Bjeelke forsog




G

Forsggsserie

Cylinder trykforsag

-bjeelke bajningsforseg

Treekforseg af armering

Bjeelke forsog




Cylinder trykforseg

N (-




Cylinder trykforseg

N (6




Cylinder trykforseg

) (i




Ge-bjeelke bagjningsforsag




Ge-bjeelke bagjningsforsag




Ge-bjeelke bagjningsforsag




Treekforseg af armering

4 N

(a) Rebar (b) Threaded rod

\_ A\ A




Data til modeller

Data points
—<— Model

'//I7

Stress [MPa]

Test 1
Test 2
Test 3
Test 4
Test 5
Model

0.04 0.06 0.08 0.1
Strain [-] Strain [-]

All data points
Selected model

Test 1
Test 2
Test 3
Test 4
Test 5
Model
0.04 0.06 0.08 0.1 0.12
Displacement [mm] Strain [-]




Data til modeller

Data points
—<— Model

'//I7

Stress [MPa]

Test 1
Test 2
Test 3
Test 4
Test 5
Model

0.04 0.06 0.08 0.1
Strain [-] Strain [-]

All data points
Selected model

Test 1
Test 2
Test 3
Test 4
Test 5
Model
0.04 0.06 0.08 0.1 0.12
Displacement [mm] Strain [-]




Bjeelkeforsag




Forsggsopstilling

1700 mm

?2.2/35 f, =380 MPa

1 threaded rod M 12

250 mm 250 mm
r i 7

—— 500 mm ———— 500 mm ———— 500 mm ——

Actuator
LVDT Force LVDT LVDT

Optical/" 4250 mm * E]
fibre — 400 mm —! Laser displacement sensor
b 750 mm ———

1700 mm




Forsggsopstilling

1700 mm

02.2/35 f, =380 MPa

1 threaded rod M 12

250 mm 250 mm
I i 1

—— 500 mm ———— 500 mm ———— 500 mm ——

Actuator
LVDT Force LVDT LVDT

Optical,x" 4250 mm k []
fibre l— 400 mm — Laser displacement sensor
b 750 mm ———

1700 mm




/ Forberedelse

Armeringsarbejde

Opspaending

Stebning

| III




Slapt armeret

a

Non-prestressed
Displacement u 0 mm
Test
40 _,_—"‘---—
z 5 ——Left |
i‘() /// - - 'R:ghl
€ /
/ / Load P 0.01 kN
0é
0 5 10 15 20 25 30
u [mm)
Semi-analytical
40!}
z
——
E’ 20
Load P 0 kN
0= S
0 5 10 15 20 25 30
u [mm) _—
) Ly 10
FE-model =
< 2 Force P
40 ¢ —
z
e 20} %
E0
Load P 0 kN v 0 0.2 04 0.6 08 | 1.2
0 Position, x, [m]

0

5 10 15 20 23 30
I'est data Semu-analytical FE-model

u [mm)

0.89

1.4

kN




Slapt armeret

a

Non-prestressed
Displacement u =10 mm
Test
40 S S
— D
”~
g %
o, 20 // = = =Right
/ Load P = 001 kN
0
0 5 10 15 20 25 30
u [mm]
Semi-analytical
40 ) =
=z
=
= 20
Load P=0 kN
0 *
0 k] 10 15 20 25 30
u [mm]
FE-model
40
Z
—r
< 20
Load P=0 kN
0 x
0 5 10 15 20 25 30

u [mm]

-

[

Force

P_

Strain, €, [- x 107]

0.6 0.8
Position, x, [m]

Test data

Semi-analytical

FE-model

0.89 kN




Slapt armeret

a

Non-prestressed
Displacement u 0 mm
Test
40 _,_—"‘---—
z 5 ——Left |
i‘() /// - - 'R:ghl
€ /
/ / Load P 0.01 kN
0é
0 5 10 15 20 25 30
u [mm)
Semi-analytical
40!}
z
——
E’ 20
Load P 0 kN
0= S
0 5 10 15 20 25 30
u [mm) _—
) Ly 10
FE-model =
< 2 Force P
40 ¢ —
z
e 20} %
E0
Load P 0 kN v 0 0.2 04 0.6 08 | 1.2
0 Position, x, [m]

0

5 10 15 20 23 30
I'est data Semu-analytical FE-model

u [mm)

0.89

1.4

kN




For-spaendt

-~

Pre-tensioned
Displacement u = 1.4 mm
Test
40} _..,-—"'_'-‘
- -
_‘Z‘ e e Left
e 20} »” - = =Right
{9 Load P 10.85 kN
0
0 5 10 15 20 25
u [mm]
Semi-analytical
40}
>
-
E’ 20}
x
Load r 13.55 kN
ol
0 5 10 15 20 25
u [mm]
FE-model
40}
-
: 204
3 Load P 1228 kN
0"
0 5 10 15 20 25

u[mm]

1

g 10

% 4 o p 4 Force P = 1142 kN
— » \

) / R

v - = .

. -

- < - N

g 0 L — I I I i I I - =4
7 0 0.2 04 0.6 0.8 1 1.2 14 1.6

Position, x, [m]
T'est data — Semi-analytical FE-model




For-spaendt

PkN]

Pre-tensioned
Displacement u = 1.04 mm
Test
/;/g/‘i v
- Left
//7/ - = =Right
y Load P = 10.85 kN
0 5 10 15 20 25
u [mm)]
Semi-analytical
x
/ Load r 13.55 kN
0 5 10 15 20 25 ,g‘ <10’
u [mm)] = poy )
FE-model i //’\/\,/ N\ Foree P 11.42 kN
i P e
i ey -
=z et —n
E 0 Lt = | 1 ! | \\‘T*ﬁﬂ =1
@A 0 0.2 0.4 0.6 0.8 1.2 1.4 1.6
x Load P 1228 kN Position, x, [m]
Test data Semi-analytical FE-model
0 5 10 15 20 25

u [mm]




For-spaendt

-~

Pre-tensioned
Displacement u = 1.4 mm
Test
40} _..,-—"'_'-‘
- -
_‘Z‘ e e Left
e 20} »” - = =Right
{9 Load P 10.85 kN
0
0 5 10 15 20 25
u [mm]
Semi-analytical
40}
>
-
E’ 20}
x
Load r 13.55 kN
ol
0 5 10 15 20 25
u [mm]
FE-model
40}
-
: 204
3 Load P 1228 kN
0"
0 5 10 15 20 25

u[mm]

1

g 10

% 4 o p 4 Force P = 1142 kN
— » \

) / R

v - = .

. -

- < - N

g 0 L — I I I i I I - =4
7 0 0.2 04 0.6 0.8 1 1.2 14 1.6

Position, x, [m]
T'est data — Semi-analytical FE-model




Efter-speendt

Post-tensioned
Displacement 7] 052 mm
Test
40 o
z ’ - A
& 20 > 7’ Left
e 7 - = = Right
~ 7’ ———
3 Load P 691 kN
0 . " " A 4
0 5 10 15 20 25
u [mm|
Semi-analytical
40
z
=20
&
’ Load r 6,96 kN
0
0 5 10 15 20 25 — 7
Lo 1 « 10
u [mm] ot
- >
FE-model < /
40 ——
< 08
Z =
=, 20 E 0 2 ‘
e N 0 0.2 04 0.6 08 | 1.2 14 1.6
% Load P 691 kN Position, x, [m]
o P 10 s 20 2% Test data Semi-analytical FE-model

\_ W,




Efter-speendt

-

Post-tensioned

Strain, €, |- X l()':]

Displacement u = 052 mm
Test
40 m——
/"7/’;;‘
Left
20 // aka —RTghl
' Load P = 691 kN
0
0 5 10 15 20 25
u [mm]
Semi-analytical
40
20
f Load P = 696 kN
0
0 3 10 15 20 25
u [mm)]
FE-model
40
20
X Load P = 691 kN
0
0 5 10 15 20 25

u [mm)]

x 107

Force

0 0.2 04 0.6 0.8
Position, x, [m]

[ 1.4 1.6

Test data — Semi-analytical

FE-model




Efter-speendt

Post-tensioned
Displacement u 052 mm
Test
40 S
z ’ - .
= 2 > o4 Left
~Ea ’ - = = Right
s / - -
i Load P 691 kN
0 4 A " . a
0 5 10 IS 20 25
u [mm]
Semi-analytical
40
z
=20
.
‘ Load r 696 KN
0
0 5 10 15 20 25 — ’
” 10
u [mm] =
- . Ty > L} |
FE-model X | Force [ 694 kN
40 L
< 0.
Z -
2,20 E 0 s L -
e, 7 0 0.2 04 0.6 08 | 1.2 14 1.6
* Load P 691 kN Position, x, [m]
0 aat dass P . ; .
0 5 10 15 20 24 f Test data Semi-analytical FE-mode l]

\ u lmml /




Revnemonster




Optaget data

o

400 mm
250 mm

Displacement [m] x1073
x10* x =250 mm

EA S e

50 mm

x = 500 mm

FTO21: x
FT022: x =250 mm
FTO005: x
Flextest_20
FTOO08: x
FT023: x =50 mm
FT024: x = —50 mm

0.01 0.02 ] 0.01 0.02
Displacement [m] Displacement [m]

4% 10 Flextest: x = 500 mm «10% x =750 mm

0.01 002 003 004 . 002 004 006 008
Displacement [m] Displacement [m]

Left LVDT  Right LVDT

Beams id: HBO0§
HB09
HBI10




Optaget data

o

400 mm
50 mm

Displacement [m]
x10* X= %50 mm

FT021: x =50 mm
FT022: x =250 mm
Flextest_20
x = 500 mm
FT008: x =250 mm
FT024: x = —50 mm

FTO005: x
FT023: x

“y

0.01 0.02 I 0.01 0.02
Displacement [m] Displacement [m]

4% 10*  Flextest: x = 500 mm <10? =750

/

001 002 003 004 005 002 004 006 008
Displacement [m] Displacement [m]

Left LVDT  Right LVDT
Beams id:  HBO08
HB09
HBI10




Arbejdskurve

5 10
Displacement [mm)]

x =500 mm

10 15
Displacement [mm)]

x =750 mm

5 10 15
Displacement [mm]

[ J HBY @

Section mean @

5 10
Displacement [mm]




Deformationsfigur

B
£
5
=
)
2
z
2

X P=4kN Flex
— — —P=8kN

+ P=8kNFlex
—-—-—P=18kN

%  P=18kN Flex
P=30kN

O  P=30kN Flex

0.4 0.6 0.8 1.2 1.4
Position, x, [m]




Tojningsfordeling

Non-prestressed Pre-tension Post-tension

x10°° x10°°

0.5 5 | ]
Position, x, [m] Position, x, [m] Position, x, [m]

kN
kN
kN
kN
kN

Non-prestressed

%107
HBO7

0.5
Position, x, [m]

L

ja-Aa~Aalu-la-le-le-]

0a

=%

5 kN
10 kN
15 kN
20 kN
25 kN
30 kN
35 kN

1.5

Pre-tension

x1073
HBO010

0.5 |
Position, x, [m]

1.5

Post-tension

%107
HBO03

0.5 1 1.5
Position, x, [m]




Finit element-metoden

Concrete Damaged Plasticity

Elementer

Randbetingelser

Resultater

Parameter studie




Finit element-metoden

Concrete Damaged Plasticity

Elementer

Randbetingelser

Resultater

Parameter studie




Concrete Damaged Plasticity




Elementer




Elementer




Randbetingelser

For-spaendt
Fps

Efter-speendt

Initial

0_>Fps=cini'A_\'

0— Ugisp

@
©,




Resultater

10 20 30
w [mml]

Conventional reinforcement Pre-tension Post-tension

——— Conventional reinforcement

Forfaldilast Efter faldilast Pre-tension
Post-tension




/ Spaendingerilaengde retningen

( S. S33 \ S, S33
(Ave: 75%) Slaptarmeret R For-spaendt
+5.500e+

121(2)8&182 +4.200e+08
+4.000e+08 +4.000e+08
+3.800e+08 +3.800e+08

- +2.000e+06 —— +2.000e+06

— +1.500e+06 — +1.500e+06

L +1:000e+06 L +1.000e+06 |

1 +5.000e+05 ! 1+ +5.000e+05
+2.000e+05 +2.000e+05

E +1.0000405 E +1.000e+05
+0.000e+00 +0.000e+00

E _4.000e+05 —+ —4.000e+05

L | _5.000e+05 1 —5.000e+05
~7.000e+05 ~7.000¢+05
—8.000e+05 —-8.000e+05
~1.000e+06 —1.000e+06

-3.000e+07
~3.000e+07
\ —1.700e+08 / \ —1.800e+08

S. S33 \
(Avg: 75%)

Efter-spaendt

+7.400e+08
+4.200e+08
+4.000e+08

+3.800e+08
- +2.000e+06
- +1.500e+06
- +1.000e+06
— +5.000e+05
+2.000e+05
+1.000e+05
+0.000e+00
—4.000e+05
— —5.000e+05
—7.000e+05
—8.000e+05
—1.000e+06

~3.000e+07
\ ~1.830e+08 /

i




/ Tejningerileengde retningen \

( E.E33 \ ( E. E33 \
Slaptarmeret (Avg: 75%) - (Avg: 75%)

b +1.134e-01 For-spaendt +1.134e-01
+6.000e—02 +6.000e—02
+5.000e—02 +5.000e—02
+4.000e-02 +4.000e—02
+2.000e-02 +2.000e—02
+1.500e-02 +1.500e—02
+1.000e-02 +1.000e—02
+5.000e-03 +5.000e—03
+1.000e—03 +1.000e—03
+0.000e+00 +0.000e+00
~1.000e—03 ~1.000e=03
~5.000e—03 ~5.000e=03
~1.000e—02 ~1.000e=02
~1.500e—02 ~1.500e-02
~2.000e—02 ~2.000e-02
~4.000e—02 ~4.000e=02
~5.000e—02 ~5.000e=02

\ ~6.000e—02 j ~6.000e=02

/ E.E33 \
~ (Avg: 75%)
Efter-speendt +1.134e-01

+6.000e-02
+5.000e-02
+4.000e-02
+2.000e-02
+1.500e-02
+1.000e-02
+5.000e-03
+1.000e-03
+0.000e+00
—1.000e-03
-5.000e-03
—1.000e-02
—1.500e-02
—-2.000e-02
—4.000e-02

~5.000e-02
—6.000e-02 J /




Parameter studie

Multi-linear

0 10 20 30
——— Quadratic Quadratic-Reduced

Linear Linear-Reduced

Conventional (CDP)
10 20 30 r Pre-tension (CDP)

u [mm] Post-tension (CDP)
— — — Conventional (MMC)
— — —Pre-tension (MMC)
Bi-linear Multi-linear — — —Post-tension (MMC)

Experimental model Linear

20 30 40 50
u [mm)]




Semi-analytisk model A

Idé og forudssetninger

Beregningsgang

Moment-krumnings relationen

Virtuelt arbejdes princip

Modellering af traek

Output




Semi-analytisk model A

Idé og forudssetninger

Beregningsgang

Moment-krumnings relationen

Virtuelt arbejdes princip

Modellering af traek

Output




Ide og forudseetninger

F
Gsc:.ﬂ(ssc) ......................




Beregningsgang




Moment-krumnings relationen

a) e)
M= 154 |§Nm M= 1118 kNm
k=000 5 k=014 %

Scaling:
o 11 N 11
Tps 1:2 Npsl:20

Scaling:
o 155 N 1:20
Tps 15 Nps 1:25

b) )
M= 858 kNm M= 1097 kNm
k=004 & k=018 &+
M-C relation Seali Scal
A ing: ing:
#  Points in flipbook o, 15 N_ 110 — o 15 N 1:20 amamam

Ops 115 Nps1:20 fr— Tps 115 Nle 1:25

2 0
N kN
c)

M= 1026 kNm

k=007 +

T
z
s,
£
g
K
=

Scaling:
o 15 N_1:20
Tps 115 NPSI:ZS

d)
M= 1096 kNm
k=011 %

0.05 0.1 0.15
Curvature [L]

Scaling:
o 15 N 1:20 ——— ——
Tps 115 Nps 1:25

-2 1 1 -100

0 100
N [kN] o [MPa)

~ Concrete "™ Reinforcement ... Tendon




Virtuelt arbejdes princip

> Real system

> 1-system

.)
} Real displacements

uPy = /L My (x) K (x)dx

P ._n_lMl,i‘l‘Ml,iJrl Ki + Kt
Uujri,j = Z

Ax
2 2

i=1




Output

Moment [KNm]
o 3% BN ™

0

. “ N “ “ “ 4
P P g

| L

A i T iv i i i @ "

* + 0 0.5 1 1.5
Position, x, [m]
0 02 04 06 08 1 12 14 16 0
P — Py= 30 kN
T g 001 S— Py = 18 kN
40 8
Soo2l O\ [ Py = 7.99 kN
Z =
<30+ P/ e P =4 kN
— 4 0.03
Q. 0 0.5 I 1.5
220+ Positi
005 0.1 015 02 = P osition, x, [m]
Curvature 1] S 3
- 10 p 0
2 g
0 i } g2
0 10 20 30 40 g \
. =}
Displacement, u, [mm]| 8
6
i ii iii iv

0 0.5 1 1.5
Position, x, [m]




Modellering af traek

gufo(f)l‘ —Calibrated tensile behavior

Model 1 I ———Gy-beam specimens
Model 2
Model 3
Model 4
Model 5

Displacement [mm)]




Resultater

Displacement [mm]

1 1
0.6 0.8
Position, x, [m]

P =8kN

=

g
£
g 05
8
2
z
[a)

1 1
0.6 08

Position, x, [m]

P =18 kN

Displacement [mm]
o - O

1 1
0.6 0.8
Position, x, [m]

P =30 kN

=

10 15 20
Displacement [mm)]

()

®© o B

Displacement [mm]

1 1
0.6 08
Position, x, [m]

Non-prestressed —— Pre-tensioned Post-tensioned




Arbejdskurver

Deformationsfigurer

Tojningsfordeling




Arbejdskurver

Deformationsfigurer

Tojningsfordeling




Arbejdskruver

10 15 20 25 10 15 20 25 30 10 15 20 25
Displacement [mm] Displacement [mm] Displacement [mm|]

Semi-analytical model — — —FE-model




Deformationsfigurer

Displacement [mm]
© oo o
(= -

Position [m]

(=]

4
in

in

A
£
]
£
i
&
z

Displacement [mm]
e S -

0.8
Position [m]

P =30 kN

Displacement [mm]
0 O Bk N O

0.8
Position [m]

Testresults %  Actuator — — — Semi-analytical model




Tojningsfordeling

Non-prestressed Pre-tensioned Post-tensioned Non-prestressed Pre-tensioned Post-tensioned

N

—
W
(IS
w

—

—

wn
[

Strains [x 10°]

Strains [ x 10° ]
o
wn

Strains [x 10°]
Strains [x 10°]

Strains [x 10°]

—

o
n

e

0.5 1 1.5 0.5
Position, x, [m] Position, x, [m] Position, x, [m]

(=]

Position, x, [m] Position, x, [m] Position, x, [m]
e P=1 e P=2 e P=3 e P=4 e P=5 e P=5 e P=10

e P=15 e P=25 e P=30
———— Test — — — Semi-analytical FE-model

——— Test = — — Semi-analytical FE-model

Position, x, [m] Position, x, [m]

|—T&st — — —Semi-analytic |—Test — — —Semi-analytic

(a) l KN -5kN (b) SKN - 30 kN













Load [N]

Load [N]

Bjeelkeforsgg resultater

X =-50 mm <10 4x|o‘ X =-350 mm 4xm4 X =-50 mm
T e~
4 ( S o (S = e | = \ - 7
3 \ s l.“ 3 | /
- £l \ : / =" ; = / — /
z g | _x AR, 2 d 2 / z /
EP) 2 iR 32 22T / E
! S | Y/ 3 |/ S [ Sl W 7 3
1 / 1 4! L — I~ — e
/i v/ / ! / P
- 0 - 0 i v 0 P 0 aS ] ¥
001 002 -0.02 0 0.02 0.04 3 2 1 0 1 9 0 2 4 6 8 3 2 | 0 2 8
Displacement [m] Displacement [m] Displacement [m] %1073 Displacement [m)] %1073 Displacement [m] <107 Displacement [m] %1073
X =250 mm 4 x10* x =250 mm i %10* x =400 mm " <104 x =250 mm " x10* x =400 mm
: . -~ 7
: == \ e \ 7= \
= 3 ‘ ' 3 i \ L/ 3 ' \
Z - | —" S L g eyt i I \
E % ) ; % 2 % y -é-_, 2 7 )
i b=l g“ 3 / & “ / /
) = i 3 S ,;/
- 1 1 7 ¢
004 006 008 0.1 0 0.02 0.04 0.06 0.08 0 N 0 “ A 0 E 0 4 ; "
Displacement [m] Displacement [m] 0 Or.)ql : 0.02 0.03 0 0.01[ g 0.02 0.03 0.04 0 O.QI 0.02 0.03 0 0.01 ) 0.02 0.03 0.04
10° Flextest = 500 mm Sigh x =750 mm isplacement [m] Displacement [m] Displacement [m] Displacement [m]
s ] Y o =TT ] X 10 Flextest: x = 500 mm ix 10% x = 750 mm o 10 Flextest: x = 500 mm TE 10* x =750 mm
7 /! = / / R —9
/Y - y y = i 7 ‘
/ E y, / . 3 — 7 - 3 . 3 7 / 3
; /4 g2 / Z / Z Z / / &
£ / 3 / /' =2 / / =2 -2 4 A =2
£ e / / & ! 74 £° g° / I/ -1
74 77 1 7 7 3 / s 5] / ]
/ 1}/ / / 1 1t/ 1
4 ! , ) P / Fars
0 0.02 0.04 0.06 008 0 0.02 0.04 0.06 ol A § b o 2 _, o
Displacement [m] Displacement [m] 0 001 002 003 004 005 0 002 004 006 008 0.1 0 001 002 003 004 005 0 002 004 006 008 0.1
: Displacement [m] Displacement [m] Displacement [m] Displacement [m]
Left LVDT Right LVDT
Beams id:  HBOI Left LVDT  Right LVDT Left LVDT  Right LVDT
HBOS ~ — o Beams id: HBOS Beams id: HBOS
HB0p) ———— | ==z==ao HB09 HB09: ‘—— mrowcs
HBO7 HBI10 HB10



Bjeelkeforsgg resultater

Load [kN]

=

45r 40 ¢
40 - .
HBO1
HB02 351 =
HBO03 35k 5
HB04
HB0S /. 30r 1
HB06 ) p 30 F
HBO7 7 -
HBOS / 25k 55
HB0Y 7/ = =
HB10 774 Z Z
5 20 S20F
A |
15 F
15
10k HBO!
HB04
10 HBOS
St HBO7
S| HBO8
[ - oF > W HB09
- HB10 é;/' HB10
— L L L ), 5 . . . . | ) 0 . . . . . . ! |
05 1 L5 2 25 3 5 0 5 10 15 20 25 20 2 4 6 8 0 12 14 16
Displacement [mm] Displacement [mm] Displacement [mm]
401
; 45
35+ == Frys
30 35
30
25 -
— 25 L
z =%
<201 =50
g =i
= 3 HBOL
15 1 15+ HB02
HBOI ol :Sgi
0k HBO4 HBOS
HBOS HE06
HBO7 5k HBO7
5| HBO8 HBOS
HB09 0F HB09
HB10 HB10
0 . , . . . . | I ) . . . . . . )
-2 0 2 4 6 8 10 12 14 16 18 0 5 10 15 20 25 30

Displacement [mm] Displacement [mm]



Bjeelkeforseg

45 x =250 mm s x =400 mm
40 ,  0 P
35 35 P
30 30
Z 25 Z 25
= =
g 20 Z20
] i
15 15
10 10
5 S
0 0 . - - - -
0 5 10 15 0 5 10 15 20 25 30
Displacement [mm] Displacement [mm]
x =500 mm s x=750mm
40
35
30
z Zas
= =
g Z 20
=l =
15
10
5
0
0 5 10 15 20 25 0 10 20 30 40
Displacement [mm] Displacement [mm]
HBol @ HBOS ©® HBO06 HBO7 @

Scction mean @

Load [kN]

Load [kN]

resultater

x =400 mm

5 10
Displacement [mm]

x =500 mm

Load [kN]

5 10 15 20
Displacement [mm)]

x =750 mm

5 10
Displacement [mm]

o

HBoS @ HBOY @

Section mean @

HB10O

5 10 15
Displacement [mm]

Load [kN]

Load [KN]

x =250 mm

Load [kN]

x =400 mm

4 6 8
Displacement [mm)]

x =500 mm

Load [kN]

0 5 10 15
Displacement [mm]

x =750 mm

S 10
Displacement [mm]

HB02 @

Section mean @

HBO3

15

0 5 10
Displacement [mm]

HBO04

o



Displacement [mm]

Bjeelkeforsgg resultater

Position, x, [m]

X P=4KkN Flex
HBOI @ — — —P=8kN
+  P=8kNFlex
HBOS © | P=18kN
HBO06 *  P=18 kN Flex
P=30kN
HBO7 @ O P=30kN Flex
Il 1 Il 1 Il L 1 J
0 0.2 0.4 0.6 0.8 12 14

Displacement [mm]

138

-~

(=)}

oo

Position, x, [m]

/O
™ X P=4KN Flex
HBOS o — — —P=8kN
+  P=8kNFlex
HBO ® P=18kN
HB10 ( ] % P=18kN Flex
P=30kN
O P=30kN Flex
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Displacement [mm]

[}

'S

(=}

o0

)

Position, x, [m]

/.
X P=4kN Flex
HBO02 (] — — —P=8kN
+  P=8kN Flex
HBO © P=I8kN
HBO4 %  P=18KN Flex
P=30kN
O  P=30kN Flex
1 1 L Il Il 1 Il I
0 0.2 04 0.6 0.8 1.2 1.4



Strain [-]

Strain [-]

Bjeelkkeforseg resultater

Non-prestressed

Non-prestressed Pre-tension Post-tension
-5 -5
20 X 10 20 X 10
HB09 HB02
15 15
=10 =10
Z £
vl 7]
5 5
. : 0 : 08 .
0 0.5 1 1.5 0 0.5 | 1.5 0 0.5 | 1.5
Position, x, [m] Position, x, [m] Position, x, [m]
.5 5 e
x 107 20 X10 o0 x107
HB07 HB010 HB03
15 15
=10 =10
g b
v vl
5 5
0 0
0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 L5
Position, x, [m] Position, x, [m] Position, x, [m]
20 %1073
Load HB04
15
P = 1 kN @ =
P= 2kKN@ £ 10
«
P o= 3 kKN @ -]
P = 4 kN @
P = 5 kN @

0 0.5 1 LS
Position, x, [m]

Strain [-]
o

x107

0.5 1
Position, x, [m]

HB07

Strain [-]

Strain [-]
[

Pre-tension

w

0 0.5 1
Position, x, [m]

x1073

4+ HB0O10

| =N

W/

1.5

Strain [-]

Post-tension

Strain [-]

0 0.5 1 1.5
Position, x, [m]
x 1073

HB03

0

0.5 1
Position, x, [m]

)
=
=9

ja-Aa-Ae-ln-Ra-le-ls-]

L 1 (1}

0 0.5 1
Position, x, [m]

=
S
-
Z

o 00 00

Strain [-]

0 0.5 1 L5
Position, x, [m]
%107

0 0.5 1 1.5
Position, x, [m]



o
v o

Displacement [mm]

e L2
© o =

e
in o

Displacement [mm]
-

(8] o

'S

Displacement [mm]

Displacement [mm]
w

Position [m]

P =8 kN

Position [m]
P =18 kN

0.8
Position [m]
P = 30 kN

0.6

0.8
Position [m]

R - t t ]. | g . g
P =4kN P =4kN
g of T 0 —
Zo02t Eoa
= -
204 504
=
Zosl g 06 *
& 08k e *
, Aav . . . . . " . . , R08 ! ! ! ! ] ! I ]
1.6 0 02 04 0.6 0.8 ! 1.2 1.4 1.6 02 04 0.6 0.8 1 12 14 1.6
Position [m] Position [m]
P =8 kN P =8 kN
E of ™ = 0
= £
=05 Z0s
= =]
k5 —— —
£l X
v
2 ]
S5 =15 *
[a) 1 L J 5 1 1 1 1 kol L 1 ]
0 02 04 0.6 0.8 1 12 14 1.6 0.2 04 0.6 0.8 1 1.2 1.4 1.6
Position [m] Position [m]
P = 18 kN P = 18 kN
Top N E
g £
Sir z!
s =
Zor g2 —~===="1
o v
g 3+ g3
B4l Za == =
2 =z — —
) (=] L I L 1 a L L L —T E 3 L ! J
14 1.6 0 02 04 0.6 0.8 1.6 0.2 04 0.6 0.8 1 1.2 1.4 1.6
Position [m] Position [m]
P = 30 kN P = 30 kN
— 0 L Ly 0
5 2
g4 £ s
5 5
gor g
Z =
Z 8 2
I ) a L | Ao )
1.4 1.6 1.2 1.4 1.6 1.6

Position [m]

Testresults %  Actuator — — — Semi-analytical model FE-model

Position [m]



Load [kN]

Resultat sammenligning

40
30 s ”
/
/)
w0t/
/
10 G
O i 1 L
0 10 20 30

Displacement [mm)]

Non-prestressed
Pre-tensioned
— — — Post-tensioned

(a) Experimental campaign

.
o

(O8]
(e}

Load [kN]

o

[\]
(e}

0 10 20 30
Displacement [mm)]

Non-prestressed
Pre-tensioned

— — — Post-tensioned

(b) Semi-analytical

40

Load [kN]

10 20 30 40
Displacement [mm)]

Non-prestressed
Pre-tensioned

— — — Post-tensioned

(¢) FE-model

50



