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Figur 1: Net Zero Design filosofin 
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Figur 2: Organisation och interaktion mellan arbetspaket och dess koppling till projektets mål. 
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Figur 3: Geometri och armering och profil för efterspänningskablar för balkarna och belastningsuppsättningen. Alla mått i 
mm. 
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Figur 4: Beräknad nedböjning och krökning efter uppspänning. 
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Figur 5: Uppmätta töjningar under uppspänning av den slakarmerade efterspända balken. 
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Figur 7: Uppmätt efterspänningskraft över tid. 
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Figur 6: Uppmätt efterspänningskraft och beräknat böjmoment längs balkens längd.!
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Figur 8: Uppmätt efterspänningskraft längs balkens längd. 
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Figur 9: Long-term effects over time. 
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Figur 10: Beräknat moment och nedböjningsdiagram för alla fyra konfigurationerna. 
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1 Material

1.1 Concrete

≔ρc 2500 ――
kg

m3

28 days

≔fcm.kub 66.2 MPa

≔fcm =――
fcm.kub
1.2

55.2 MPa

≔fctm =⋅⋅0.3
⎛
⎜
⎝
――――

-fcm 8 MPa

MPa

⎞
⎟
⎠

―
2

3

MPa 3.9 MPa

≔Ecm =⋅22
⎛
⎜
⎝
―――

fcm
10 MPa

⎞
⎟
⎠

0.3

GPa 36.7 GPa

≔εcu ⋅3.5 10-3

≔σcc∞.max =⋅0.6 fcm 33.1 MPa

≔σcci.max =⋅0.45 fcm 24.8 MPa

≔σct∞.max =fctm 3.9 MPa

≔σcti.max =fctm 3.9 MPa

7 days

≔fcm7 =⋅0.87 fcm 48 MPa

≔fctm7 =⋅⋅0.3
⎛
⎜
⎝
――――

-fcm7 8 MPa

MPa

⎞
⎟
⎠

―
2

3

MPa 3.5 MPa

≔Ecm7 =⋅22
⎛
⎜
⎝
―――

fcm7
10 MPa

⎞
⎟
⎠

0.3

GPa 35.2 GPa

≔σcci.max7 =⋅0.45 fcm7 21.6 MPa

≔σcti.max7 =fctm7 3.5 MPa
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1.2 Reinforcing steel

≔fym 550 MPa

≔Es 200 GPa

≔ϕ 16 mm ≔As.i =⋅―
ϕ2

4
π 201 mm2

=ns 3 ≔As =⋅ns As.i 603 mm2

=n's 4 ≔A's =⋅n's As.i 804 mm2

≔As.tot =+As A's 1407 mm2

=ϕw 8 mm

≔c 20 mm

≔αs =――
Es

Ecm

5.4

≔ρs 7850 ――
kg

m3
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1.3 Prestressing steel

≔Ep 195 GPa

≔μ 0.19

≔k 0.0075

≔fpum 1986 MPa ≔fp0.1m =⋅0.88 fpum 1748 MPa ≔εp0.1m =――
fp0.1m
Ep

⋅8.96 10-3

≔εuk %3.5

≔χ1000 %2.5

≔ϕp 15.7 mm

≔Ap.i 150 mm2

=np 4

≔Ap =⋅np Ap.i 600 mm2

≔αp =――
Ep

Ecm

5.3

≔Pi.max =⋅⋅0.8 fpum Ap.i 238.3 kN

≔hduct 21 mm

≔bduct 71 mm

≔tduct 2 mm

≔Aduct =⋅⎛⎝ +bduct ⋅2 tduct⎞⎠ ⎛⎝ +hduct ⋅2 tduct⎞⎠ 1875 mm2
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2 Geometry

≔ltot 8.5 m

≔l 8 m

≔l1 3 m

≔l2 2 m

≔l3 3 m

=btf 320 mm =htf 130 mm Top flange

=bw 150 mm =hw 515 mm Web

≔h =+htf hw 645 mm Total height

≔d =---h c ϕw ―
ϕ

2
609 mm ≔d' =++c ϕw ―

ϕ

2
36 mm Effective height

Non-Commercial Use Only
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3 Sectional constants

=ep 314 mm =Pi.i 102 kN ≔Pi.1 =⋅Pi.i np 408 kN Eccentricity of tendon and 
prestressing (iterative)

3.1 Areas and centroids

≔Atf =⋅btf htf 41600 mm2 ≔ytf =―
htf
2

65 mm Top flange

≔Aw =⋅bw hw 77250 mm2 ≔yw =+htf ―
hw
2

388 mm Web

=Aduct 1875 mm2 ≔yduct.net =+xnet_it ep 584.1 mm Ducts

≔yduct.I =+xI_it ep 595.4 mm

≔Ac =+Atf Aw 0.12 m2 =<⋅⋅ρc Ac ltot 4.5 tonne 1

≔Anet =+-Ac Aduct ⋅⎛⎝ -αs 1⎞⎠ As.tot 0.12 m2

≔AI =++Ac ⋅⎛⎝ -αp 1⎞⎠ Ap ⋅⎛⎝ -αs 1⎞⎠ As.tot 0.13 m2

≔xc =―――――
+⋅Atf ytf ⋅Aw yw
Ac

275 mm

≔xnet =――――――――――――――――――
++-+⋅Atf ytf ⋅Aw yw ⋅Aduct yduct.net ⋅⋅⎛⎝ -αs 1⎞⎠ A's d' ⋅⋅⎛⎝ -αs 1⎞⎠ As d

Anet

270 mm

≔xI =――――――――――――――――――――
++++⋅Atf ytf ⋅Aw yw ⋅⋅⎛⎝ -αp 1⎞⎠ Ap yduct.I ⋅⋅⎛⎝ -αs 1⎞⎠ A's d' ⋅⋅⎛⎝ -αs 1⎞⎠ As d

AI

281 mm

≔ep.max =------h xc c ϕw ϕ tduct ――
hduct
2

314 mm

≔enet =------h xnet c ϕw ϕ tduct ――
hduct
2

318 mm

≔eI =------h xI c ϕw ϕ 2 tduct ――
hduct
2

305 mm

≔dp =+xc ep 0.6 m

Non-Commercial Use Only

22/10/2024

David Dackman
Rektangel



Fiberarmering i kombination med efterspänning DD

Uppdragsnr.: 10344771 6 of 19

3.2 Second moment of inertia

≔Itf +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xc ytf⎞⎠

2 ≔Itf.net +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xnet ytf⎞⎠

2 ≔Itf.I +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xI ytf⎞⎠

2

≔Iw +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xc yw⎞⎠

2 ≔Iw.net +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xnet yw⎞⎠

2 ≔Iw.I +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xI yw⎞⎠

2

≔Ic =+Itf Iw 0.00458 m4

≔Inet =-+Itf.net Iw.net ⋅Aduct ⎛⎝ -xnet yduct.net⎞⎠
2 0.0044 m4

≔II =++Itf.I Iw.I ⋅⋅⎛⎝ -αp 1⎞⎠ Ap ⎛⎝ -yduct.I xI⎞⎠
2 0.00484 m4
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3 Load effects

=Mg0.max 23.8 ⋅kN m

=Mqp.max 503.8 ⋅kN m

=VEd.max 262.8 kN =MEd.max 776.6 ⋅kN m for =Pu 251 kN
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4 Accurate design

4.1 Tendon force

=μ 0.19 =k 0.0075 ≔α =atan
⎛
⎜
⎝
―
ep
l1

⎞
⎟
⎠

6 °

≔Pi =⋅Pi.1 e
⋅-μ

⎛
⎜
⎝

+α ⋅k ――
l

2 m

⎞
⎟
⎠ 397.7 kN

≔σcpi =+――
-Pi

Anet

⋅――――――
+⋅-Pi enet Mg0.max

Inet
enet -10.7 MPa

≔εp0i =-――
Pi

⋅Ep Ap

――
σcpi
Ecm

⋅3.69 10-3

≔P0i =⋅⋅Ep εp0i Ap 432 kN

4.2 Before grouting

≔σcti =+――
-P0i

Anet

⋅――――――
+⋅-P0i enet Mg0.max

Inet
-xnet 3.5 MPa =σcti.max7 3.5 MPa =≤σcti σcti.max7 1

≔σcci =+――
-P0i

Anet

⋅――――――
+⋅-P0i enet Mg0.max

Inet
⎛⎝ -h xnet⎞⎠ -13.2 MPa =σcci.max7 21.6 MPa =≥σcci.max7 ||σcci|| 1

4.3 After grouting

≔RH 50

Relaxation class 2

=χ1000 %2.5 ≔μ 0.7

≔χt ((t)) ⋅⋅⋅⋅0.66 χ1000 e9.1 μ ⎛
⎜
⎝
――

t

1000

⎞
⎟
⎠

⋅0.75 (( -1 μ))

10-3

≔t∞ 500000 ≔t =⋅100 24 2400

≔χ∞ =χt ⎛⎝t∞⎞⎠ 0.039 ≔χt =χt ((t)) 0.0117

Shrinkage
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Shrinkage

≔εcdi ⋅0.280 10-3 Class N

≔βRH 1.36 RH = 50%

≔u =⋅2
⎛
⎜
⎝

+++―
btf
2

htf hw ―
bw
2

⎞
⎟
⎠

1.8 m

≔h0 =――
⋅2 Ac

u
135 mm

≔kh =‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

else if

else if

else if

else if

<h0 ⋅0.1 m
‖
‖ 1

≤≤⋅0.1 m h0 ⋅0.2 m
‖
‖
‖‖

-1.0 ⋅0.15 ―――――
⎛⎝ -h0 ⋅100 mm⎞⎠

⋅100 mm

≤≤⋅0.2 m h0 ⋅0.3 m
‖
‖
‖‖

⎛
⎜
⎝

-0.85 ⋅0.1 ―――――
⎛⎝ -h0 ⋅200 mm⎞⎠

⋅100 mm

⎞
⎟
⎠

≤≤⋅0.3 m h0 ⋅0.5 m
‖
‖
‖‖

⎛
⎜
⎝

-0.75 ⋅0.05 ―――――
⎛⎝ -h0 ⋅300 mm⎞⎠

⋅200 mm

⎞
⎟
⎠

>h0 ⋅0.5 m
‖
‖ 0.7

0.95

≔εcd∞ =⋅⋅kh βRH εcdi ⋅3.61 10-4

≔εca∞ ⋅0.1 10-3

≔εcs∞ =+εcd∞ εca∞ ⋅4.61 10-4

≔t 100 ≔ts 4

≔βds =―――――――
-t ts

+-t ts ⋅0.04
‾‾‾‾‾‾⎛
⎜
⎝
――
h0
mm

⎞
⎟
⎠

3
0.6

≔βas =-1 e-0.2 t 0.5 0.86

≔εcs =+⋅βds εcd∞ ⋅βas εca∞ ⋅3.05 10-4

≔Fcs.p =⋅⋅Es εcs Ap 36.6 kN

≔Fcs.s =⋅⋅Es εcs As 36.7 kN

≔F'cs.s =⋅⋅Es εcs A's 49 kN
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≔F'cs.s =⋅⋅Es εcs A's 49 kN

Creep

≔φRH =⋅⋅
⎛
⎜
⎜
⎜⎝

+1 ――――
-1 %RH

⋅0.1
‾‾‾‾3

――
h0
mm

⎞
⎟
⎟
⎟⎠

⎛
⎜
⎝
―――

⋅35 MPa

fcm

⎞
⎟
⎠

0.7 ⎛
⎜
⎝
―――

⋅35 MPa

fcm

⎞
⎟
⎠

0.2

1.31

≔βfcm =―――
16.8

‾‾‾‾‾
――
fcm
MPa

2.3

=t 100 ≔t0 28

≔βt0 =―――
1

+0.1 t0
0.2

0.49

≔α3 =
⎛
⎜
⎜
⎜⎝

――
35

――
fcm
MPa

⎞
⎟
⎟
⎟⎠

0.2

0.9

≔βH =min
⎛
⎜
⎝

,+⋅⋅1.5 ⎛⎝ +1 (( ⋅0.012 RH))18⎞⎠ ――
h0
mm

⋅250 α3 ⋅1500 α3
⎞
⎟
⎠

430.9

≔βc =
⎛
⎜
⎝
―――

-t t0
-+βH t t0

⎞
⎟
⎠

0.1

≔φ0 =⋅⋅φRH βfcm βt0 1.45

≔φ =⋅φ0 βc 0.2

≔αs.ef =⋅――
Es

Ecm

(( +1 φ)) 6.6

≔αp.ef =⋅――――
⋅Ep ⎛⎝ -1 χt⎞⎠
Ecm

(( +1 φ)) 6.3
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4.4 Effective sectional constants

≔AI.ef =++Ac ⋅⎛⎝ -αp.ef 1⎞⎠ Ap ⋅⎛⎝ -αs.ef 1⎞⎠ As.tot 0.13 m2

≔xI.ef =―――――――――――――――――――――
++++⋅Atf ytf ⋅Aw yw ⋅⋅⎛⎝ -αp.ef 1⎞⎠ Ap yduct.I ⋅⋅⎛⎝ -αs.ef 1⎞⎠ A's d' ⋅⋅⎛⎝ -αs.ef 1⎞⎠ As d

AI.ef

283 mm

≔Itf.I.ef +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xI.ef ytf⎞⎠

2

≔Iw.I.ef +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xI.ef yw⎞⎠

2

≔II.ef =++Itf.I.ef Iw.I.ef ⋅⋅⎛⎝ -αp.ef 1⎞⎠ Ap ⎛⎝ -yduct.I xI.ef⎞⎠
2 0.005 m4

≔ep.ef =-dp xI.ef 306 mm

≔es.ef =-d xI.ef 326 mm

≔e's.ef =-xI.ef d' 247 mm

≔σcc.t =+―――――――
-+

 ↲⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Fcs.s F'cs.s

AI.ef

⋅―――――――――
++

 ↲-+
 ↲⋅⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠ ep.ef

⋅Fcs.s es.ef ⋅F'cs.s e's.ef
Mg0.max Mqt.max

II.ef
-xI.ef -25.3 MPa

≔σct.t =+―――――――
-+

 ↲⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Fcs.s F'cs.s

AI.ef

⋅―――――――――
++

 ↲-+
 ↲⋅⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠ ep.ef

⋅Fcs.s es.ef ⋅F'cs.s e's.ef
Mg0.max Mq.max

II.ef
⎛⎝ -h xI.ef⎞⎠ 25.3 MPa

=σcc∞.max 33.1 MPa =>σcc∞.max ||σcc.t|| 1

=σct∞.max 3.9 MPa =>σct∞.max σct.t 0 Cracking allowed

≔σcp.t =+―――――――
-+

 ↲⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Fcs.s F'cs.s

AI.ef

⋅―――――――――
++

 ↲-+
 ↲⋅⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠ ep.ef

⋅Fcs.s es.ef ⋅F'cs.s e's.ef
Mg0.max Mqt.max

II.ef
⎛⎝ -dp xI.ef⎞⎠ 20.9 MPa

≔σp0.t =+――――――
⋅⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Ap

⋅αp.ef σcp.t 783 MPa

≔εp0.t =――
σp0.t
Ep

⋅4 10-3

≔Δεp =-εpd εp0.t ⋅4.9 10-3
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≔Δεp =-εpd εp0.t ⋅4.9 10-3

4.5 Moment capacity

≔εcc =εcu ⋅3.5 10-3 ≔α =αR ⎛⎝εcc⎞⎠ 0.81 ≔β =βR ⎛⎝εcc⎞⎠ 0.42

≔x 100 mm

≔x =root
⎛
⎜
⎝

,--+⋅⋅⋅α fcm btf x ⋅⋅⋅――
-x d'

x
εcc Es A's ⋅fp0.1m Ap ⋅fym As x

⎞
⎟
⎠

76 mm

≔z =-d ⋅β x 577 mm

=<x htf 1

≔ε's =⋅――
-x d'

x
εcc ⋅1.8 10-3 =εsy ⋅2.75 10-3 =<ε's εsy 1

≔εs =⋅――
-d x

x
εcc ⋅2.5 10-2 =εsy ⋅2.75 10-3 =<εs εsy 0

≔εp =+⋅――
-dp x

x
εcc εp0.t ⋅2.8 10-2 =εp0.1m ⋅9 10-3 =>εp εp0.1m 1

≔MRd =++⋅⋅⋅⋅α fcm btf x ⎛⎝ -dp ⋅β x⎞⎠ ⋅⋅⋅ε's Es A's ⎛⎝ -dp d'⎞⎠ ⋅⋅fym As ⎛⎝ -d dp⎞⎠ 777 ⋅kN m

=MEd.max 777 ⋅kN m

=≥MRd MEd.max 1

Minimum reinforcement amount

≔As.min =⋅⋅⋅0.26 ――
fctm
fym

bw d 169 mm2 ≔As.max =⋅0.04 Ac 4754 mm2

=As 603 mm2 =≤≤As.min As As.max 1
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Shear between web and flanges

≔Δx =―
l

4
2 m

≔Fc1 =―――
MEd ((Δx))

z
900 kN

≔ΔF1 =-⋅―――
-btf bw
⋅2 btf

Fc1 ―――
VEd ((Δx))

2
110.6 kN

≔vEd1 =――
ΔF1

⋅htf Δx
0.4 MPa =⋅0.4 fctm 1.6 MPa =<vEd1 ⋅0.4 fctm 1

≔Fc2 =―――
MEd.max

z
1345 kN

≔ΔF2 =⋅―――
-btf bw
⋅2 btf

⎛⎝ -Fc2 Fc1⎞⎠ 118 kN

≔vEd2 =――
ΔF2

⋅htf Δx
0.5 MPa =⋅0.4 fctm 1.6 MPa =<vEd2 ⋅0.4 fctm 1
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4.6 Crack width

=xII 168 mm

≔Acc =+⋅btf htf ⋅bw ⎛⎝ -xII htf⎞⎠ 0.047 m2

≔AII =+++Acc ⋅⎛⎝ -αs 1⎞⎠ A's ⋅αs As ⋅αp Ap 0.057 m2

≔xtp =―――――――――――――――――――――――

++++―――
⋅btf htf

2

2
⋅⋅bw ⎛⎝ -xII htf⎞⎠

⎛
⎜
⎝

+―――
-xII htf
2

htf
⎞
⎟
⎠

⋅⋅⎛⎝ -αs 1⎞⎠ A's d' ⋅⋅αs As d ⋅⋅αp Ap dp

AII

132 mm

≔III =

+++

 ↲+++―――
⋅btf htf

3

12
⋅⋅btf htf

⎛
⎜
⎝

-―
htf
2

xtp
⎞
⎟
⎠

2

―――――
⋅bw ⎛⎝ -xII htf⎞⎠

3

12
⋅⋅bw ⎛⎝ -xII htf⎞⎠

⎛
⎜
⎝

-+―――
-xII htf
2

htf xtp
⎞
⎟
⎠

2

⋅⋅⎛⎝ -αs 1⎞⎠ A's ⎛⎝ -xtp d'⎞⎠
2 ⋅⋅αs As ⎛⎝ -d xtp⎞⎠

2 ⋅⋅αp Ap ⎛⎝ -dp xtp⎞⎠
2

0.0017 m4

≔eII =-dp xtp 457 mm

≔σc ((z)) +――
-Pi

AII

⋅―――――
+⋅-Pi eII Mqp.max

III
z

=σc ⎛⎝ -xII xtp⎞⎠ 0 MPa =σc ⎛⎝-xtp⎞⎠ -32 MPa ≔σs =⋅αs σc ⎛⎝ -d xtp⎞⎠ 457 MPa

≔ay =+c ―
ϕ

2
28 mm

≔hc.eff =min
⎛
⎜
⎝

,,,,+ay ⋅5 ϕ ⋅10 ϕ ⋅3.5 ay -h xII ―
h

2

⎞
⎟
⎠

98 mm ≔Aeff =⋅hc.eff bw 0.01 m2

≔ξ 0.5 ≔ξ1 =
‾‾‾‾

⋅ξ ―
ϕ

ϕp
0.7

≔ρp.ef =――――
+As ⋅ξ1 Ap

Aeff

0.07

≔kfl =―――
-h hc.eff
h

0.8 ≔kb 0.9 ≔kw 1.7 ≔k1r =――――
-h xII

--h ay xII
1.1

≔sr.max =⋅⋅kw k1r min
⎛
⎜
⎝

,
⎛
⎜
⎝

+⋅1.5 c ⋅――
⋅kfl kb

7.2
――
ϕ

ρp.ef

⎞
⎟
⎠

⋅――
1.3

kw
⎛⎝ -h xII⎞⎠

⎞
⎟
⎠

98 mm

≔kt 0.6

≔Δε =max

⎛
⎜
⎜
⎜⎝

,――――――――

-σs ⋅⋅kt ――
fctm
ρp.ef

⎛⎝ +1 ⋅αs ρp.ef⎞⎠

Es

⋅⎛⎝ -1 kt⎞⎠ ―
σs
Es

⎞
⎟
⎟
⎟⎠

⋅2.1 10-3

≔wk =⋅Δε sr.max 0.2 mm

Non-Commercial Use Only

22/10/2024

David Dackman
Rektangel



Fiberarmering i kombination med efterspänning DD

Uppdragsnr.: 10344771 15 of 19
≔wk =⋅Δε sr.max 0.2 mm

4.7 Shear capacity

≔Pd =⋅σp0.t Ap 470 kN ≔αp =atan
⎛
⎜
⎝
―
ep
l1

⎞
⎟
⎠

6 °

≔Vipd =⋅Pd tan ⎛⎝αp⎞⎠ 49.2 kN

≔VEd.net =-VEd.max Vipd 213.7 kN

≔τEd.net =――
VEd.net

⋅bw z
2.5 MPa ≔τEd =―――

VEd.max

⋅bw z
3 MPa

Shear capacity of cracked concrete without shear reinforcement

≔acs =―――
MEd.max

VEd.max

3 m

≔k1 =min
⎛
⎜
⎝

,⋅⋅――
0.7

acs

⎛
⎜
⎝

+ep ―
d

3

⎞
⎟
⎠

――
Ac

⋅bw z
⋅0.25 ――

Ac

⋅bw z

⎞
⎟
⎠

0.2

≔kvp =+1 ――――
⋅-Pi d

⋅⋅VEd.max 3 acs
0.9

≔d =―――――
+⋅d2 As ⋅dp

2 Ap

+⋅d As ⋅dp Ap

599 mm

≔ρl =――――
+⋅d As ⋅dp Ap

⋅bw d2
0.0133

≔σcp =min
⎛
⎜
⎝

,―
Pi

Ac

⋅0.2 fcm
⎞
⎟
⎠

3.3 MPa

≔τRdc.0 =⋅0.66
⎛
⎜
⎝

⋅⋅⋅100 ρl ――
fcm
MPa

―――
40 mm

d

⎞
⎟
⎠

―
1

3

MPa 1.1 MPa

≔τRd.c =+τRdc.0 ⋅k1 σcp 1.7 MPa =――
τEd.net
τRd.c

%147
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Shear capacity of cracked concrete with shear reinforcement

≔θ 21.8 deg

≔sw 210 mm

≔Asw =⋅――
ϕw

2

4
π 50 mm2

≔ρw =――
⋅2 Asw

⋅bw sw
0.00319

≔τRd.sy =⋅⋅ρw fym cot ((θ)) 4.4 MPa =――
τEd.net
τRd.sy

%56

≔nw =⋅2
⎛
⎜
⎝

+―
l1
sw

1
⎞
⎟
⎠

30.6

=lw 1.5 m

Minimum shear reinforcement amount

≔ρw.min =⋅0.08 ―――

‾‾‾‾‾
――
fcm
MPa

――
fym
MPa

0.0011

≔α 90 °

≔sw.max =―――――
⋅2 Asw

⋅⋅bw sin ((α)) ρw.min
620 mm

≔sl.max =⋅⋅0.75 d (( +1 cot ((α)))) 449 mm

=<sw min ⎛⎝ ,sw.max sl.max⎞⎠ 1
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4.8 Anchorage zone

≔γp 1.2

≔P =⋅γp Pi.1 489.6 kN

=⋅0.2 h 129 mm

≔hp 80 mm

≔bp 120 mm

≔σcc =――
P

⋅hp bp
51 MPa =fcm 55.2 MPa =⋅3 fcm 165.5 MPa

Vertical reinforcement

≔a =hp 80 mm =h 645 mm ≔b =―
h

2
323 mm

≔T =⋅⋅―
1

4
――

-b a

b
P 92 kN

≔Av =―
T

fym
167 mm2

≔nv =ceil
⎛
⎜
⎜
⎜⎝

―――――
Av

⋅⋅2 ―――
((8 mm))2

4
π

⎞
⎟
⎟
⎟⎠

2
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4.9 Buckling

≔l0 =ltot 8500 mm

≔i =
‾‾‾
―
Ic
Ac

196.3 mm

≔λ =―
l0
i

43.3

≔n =―――
P

⋅fcm Ac

0.07

≔λlim =――
10.8

‾‾n
39.5

≔A =―――
1

+1 ⋅0.2 φ
0.96

≔ω =―――
⋅As fym
⋅Ac fcm

0.1

≔B =‾‾‾‾‾‾+1 ⋅2 ω 1.05

≔C 0.7

≔λlim =――――
⋅⋅⋅20 A B C

‾‾n
51.6 =<λ λlim 1
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5 Evaluation

=wk 0.2 mm =β1 ⎛⎝wk⎞⎠ 1

≔Vconc =⋅Ac ltot 1.01 m3

≔GWPconc 340 ――
kg

m3
=⋅Vconc GWPconc 343.5 kg

≔Vsteel =+++⋅As.tot ltot ⋅⋅Asw lw nw ⋅Ap lp ⋅⋅Asv lv nv 0.0195 m3

≔Wsteel =⋅Vsteel ρs 0.153 tonne

≔GWPsteel 370 ――
kg

tonne
=⋅Wsteel GWPsteel 56.7 kg

=β2 ⎛⎝ +⋅Vconc GWPconc ⋅Wsteel GWPsteel⎞⎠ 0.73

=⋅β1 ⎛⎝wk⎞⎠ β2 ⎛⎝ +⋅Vconc GWPconc ⋅Wsteel GWPsteel⎞⎠ 0.73
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1 Material

1.1 Concrete

≔ρc 2500 ――
kg

m3

28 days

≔fcm.kub 66.2 MPa

≔fcm =――
fcm.kub
1.2

55.2 MPa

≔fctm =⋅⋅0.3
⎛
⎜
⎝
――――

-fcm 8 MPa

MPa

⎞
⎟
⎠

―
2

3

MPa 3.9 MPa

≔Ecm =⋅22
⎛
⎜
⎝
―――

fcm
10 MPa

⎞
⎟
⎠

0.3

GPa 36.7 GPa

≔εcu ⋅3.5 10-3

≔σcc∞.max =⋅0.6 fcm 33.1 MPa

≔σcci.max =⋅0.45 fcm 24.8 MPa

≔σct∞.max =fctm 3.9 MPa

≔σcti.max =fctm 3.9 MPa

7 days

≔fcm7 =⋅0.87 fcm 48 MPa

≔fctm7 =⋅⋅0.3
⎛
⎜
⎝
――――

-fcm7 8 MPa

MPa

⎞
⎟
⎠

―
2

3

MPa 3.5 MPa

≔Ecm7 =⋅22
⎛
⎜
⎝
―――

fcm7
10 MPa

⎞
⎟
⎠

0.3

GPa 35.2 GPa

≔σcci.max7 =⋅0.45 fcm7 21.6 MPa

≔σcti.max7 =fctm7 3.5 MPa
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1.2 Reinforcing steel

≔fym 550 MPa

≔Es 200 GPa

≔ϕ 16 mm ≔As.i =⋅―
ϕ2

4
π 201 mm2

=ns 3 ≔As =⋅ns As.i 603 mm2

=n's 4 ≔A's =⋅n's As.i 804 mm2

≔As.tot =+As A's 1407 mm2

=ϕw 8 mm

≔c 20 mm

≔αs =――
Es

Ecm

5.4

≔ρs 7850 ――
kg

m3

1.3 Steel fiber reinforcement

≔ρfs

25
30
35
40
45
50

⎡
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥⎦

――
kg

m3
≔fts1

1.6
1.82
2.01
2.18
2.33
2.45

⎡
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥⎦

MPa ≔fts3

1.28
1.45
1.6
1.73
1.84
1.94

⎡
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥⎦

MPa

=ifs 3

≔ρfs =ρfsifs
35 ――

kg

m3

≔fts1 =fts1ifs
2.01 MPa

≔fts3 =fts3ifs
1.6 MPa

≔ftR1 =――
fts1
0.45

4.5 MPa
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1.4 Prestressing steel

≔Ep 195 GPa

≔μ 0.19

≔k 0.0075

≔fpum 1986 MPa ≔fp0.1m =⋅0.88 fpum 1748 MPa ≔εp0.1m =――
fp0.1m
Ep

⋅8.96 10-3

≔εuk %3.5

≔χ1000 %2.5

≔ϕp 15.7 mm

≔Ap.i 150 mm2

=np 4

≔Ap =⋅np Ap.i 600 mm2

≔αp =――
Ep

Ecm

5.3

≔Pi.max =⋅⋅0.8 fpum Ap.i 238.3 kN

≔hduct 21 mm

≔bduct 71 mm

≔tduct 2 mm

≔Aduct =⋅⎛⎝ +bduct ⋅2 tduct⎞⎠ ⎛⎝ +hduct ⋅2 tduct⎞⎠ 1875 mm2

Non-Commercial Use Only

22/10/2024

David Dackman
Rektangel



Fiberarmering i kombination med efterspänning DD

Uppdragsnr.: 10344771 4 of 20

2 Geometry

≔ltot 8.5 m

≔l 8 m

≔l1 3 m

≔l2 2 m

≔l3 3 m

=btf 320 mm =htf 130 mm Top flange

=bw 150 mm =hw 460 mm Web

≔h =+htf hw 590 mm Total height

≔d =---h c ϕw ―
ϕ

2
554 mm ≔d' =++c ϕw ―

ϕ

2
36 mm Effective height
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3 Sectional constants

=ep 284 mm =Pi.i 97 kN ≔Pi.1 =⋅Pi.i np 388 kN Eccentricity of tendon and 
prestressing (iterative)

3.1 Areas and centroids

≔Atf =⋅btf htf 41600 mm2 ≔ytf =―
htf
2

65 mm Top flange

≔Aw =⋅bw hw 69000 mm2 ≔yw =+htf ―
hw
2

360 mm Web

=Aduct 1875 mm2 ≔yduct.net =+xnet_it ep 529.5 mm Ducts

≔yduct.I =+xI_it ep 540.3 mm

≔Ac =+Atf Aw 0.11 m2 =<⋅⋅ρc Ac ltot 4.5 tonne 1

≔Anet =+-Ac Aduct ⋅⎛⎝ -αs 1⎞⎠ As.tot 0.11 m2

≔AI =++Ac ⋅⎛⎝ -αp 1⎞⎠ Ap ⋅⎛⎝ -αs 1⎞⎠ As.tot 0.12 m2

≔xc =―――――
+⋅Atf ytf ⋅Aw yw
Ac

249 mm

≔xnet =――――――――――――――――――
++-+⋅Atf ytf ⋅Aw yw ⋅Aduct yduct.net ⋅⋅⎛⎝ -αs 1⎞⎠ A's d' ⋅⋅⎛⎝ -αs 1⎞⎠ As d

Anet

245 mm

≔xI =――――――――――――――――――――
++++⋅Atf ytf ⋅Aw yw ⋅⋅⎛⎝ -αp 1⎞⎠ Ap yduct.I ⋅⋅⎛⎝ -αs 1⎞⎠ A's d' ⋅⋅⎛⎝ -αs 1⎞⎠ As d

AI

256 mm

≔ep.max =------h xc c ϕw ϕ tduct ――
hduct
2

284 mm

≔enet =------h xnet c ϕw ϕ tduct ――
hduct
2

289 mm

≔eI =------h xI c ϕw ϕ tduct ――
hduct
2

278 mm

≔dp =+xc ep 0.5 m
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3.2 Second moment of inertia

≔Itf +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xc ytf⎞⎠

2 ≔Itf.net +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xnet ytf⎞⎠

2 ≔Itf.I +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xI ytf⎞⎠

2

≔Iw +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xc yw⎞⎠

2 ≔Iw.net +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xnet yw⎞⎠

2 ≔Iw.I +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xI yw⎞⎠

2

≔Ic =+Itf Iw 0.00353 m4

≔Inet =-+Itf.net Iw.net ⋅Aduct ⎛⎝ -xnet yduct.net⎞⎠
2 0.00338 m4

≔II =++Itf.I Iw.I ⋅⋅⎛⎝ -αp 1⎞⎠ Ap ⎛⎝ -yduct.I xI⎞⎠
2 0.00375 m4
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3 Load effects

=Mg0.max 22.1 ⋅kN m

=Mqp.max 502.1 ⋅kN m

=VEd.max 249.1 kN =MEd.max 736.1 ⋅kN m for =Pu 238 kN
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4 Accurate design

4.1 Tendon force

=μ 0.19 =k 0.0075 ≔α =atan
⎛
⎜
⎝
―
ep
l1

⎞
⎟
⎠

5.4 °

≔Pi =⋅Pi.1 e
⋅-μ

⎛
⎜
⎝

+α ⋅k ――
l

2 m

⎞
⎟
⎠ 378.9 kN

≔σcpi =+――
-Pi

Anet

⋅――――――
+⋅-Pi enet Mg0.max

Inet
enet -10.7 MPa

≔εp0i =-――
Pi

⋅Ep Ap

――
σcpi
Ecm

⋅3.53 10-3

≔P0i =⋅⋅Ep εp0i Ap 413 kN

4.2 Before grouting

≔σcti =+――
-P0i

Anet

⋅――――――
+⋅-P0i enet Mg0.max

Inet
-xnet 3.4 MPa =σcti.max7 3.5 MPa =≤σcti σcti.max7 1

≔σcci =+――
-P0i

Anet

⋅――――――
+⋅-P0i enet Mg0.max

Inet
⎛⎝ -h xnet⎞⎠ -13.5 MPa =σcci.max7 21.6 MPa =≥σcci.max7 ||σcci|| 1

4.3 After grouting

≔RH 50

Relaxation class 2

=χ1000 %2.5 ≔μ 0.7

≔χt ((t)) ⋅⋅⋅⋅0.66 χ1000 e9.1 μ ⎛
⎜
⎝
――

t

1000

⎞
⎟
⎠

⋅0.75 (( -1 μ))

10-3

≔t∞ 500000 ≔t =⋅100 24 2400

≔χ∞ =χt ⎛⎝t∞⎞⎠ 0.039 ≔χt =χt ((t)) 0.0117

Shrinkage
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Shrinkage

≔εcdi ⋅0.280 10-3 Class N

≔βRH 1.36 RH = 50%

≔u =⋅2
⎛
⎜
⎝

+++―
btf
2

htf hw ―
bw
2

⎞
⎟
⎠

1.7 m

≔h0 =――
⋅2 Ac

u
134 mm

≔kh =‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

if

else if

else if

else if

else if

<h0 ⋅0.1 m
‖
‖ 1

≤≤⋅0.1 m h0 ⋅0.2 m
‖
‖
‖‖

-1.0 ⋅0.15 ―――――
⎛⎝ -h0 ⋅100 mm⎞⎠

⋅100 mm

≤≤⋅0.2 m h0 ⋅0.3 m
‖
‖
‖‖

⎛
⎜
⎝

-0.85 ⋅0.1 ―――――
⎛⎝ -h0 ⋅200 mm⎞⎠

⋅100 mm

⎞
⎟
⎠

≤≤⋅0.3 m h0 ⋅0.5 m
‖
‖
‖‖

⎛
⎜
⎝

-0.75 ⋅0.05 ―――――
⎛⎝ -h0 ⋅300 mm⎞⎠

⋅200 mm

⎞
⎟
⎠

>h0 ⋅0.5 m
‖
‖ 0.7

0.95

≔εcd∞ =⋅⋅kh βRH εcdi ⋅3.61 10-4

≔εca∞ ⋅0.1 10-3

≔εcs∞ =+εcd∞ εca∞ ⋅4.61 10-4

≔t 100 ≔ts 4

≔βds =―――――――
-t ts

+-t ts ⋅0.04
‾‾‾‾‾‾⎛
⎜
⎝
――
h0
mm

⎞
⎟
⎠

3
0.61

≔βas =-1 e-0.2 t 0.5 0.86

≔εcs =+⋅βds εcd∞ ⋅βas εca∞ ⋅3.06 10-4

≔Fcs.p =⋅⋅Es εcs Ap 36.7 kN

≔Fcs.s =⋅⋅Es εcs As 36.9 kN

≔F'cs.s =⋅⋅Es εcs A's 49.2 kN
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≔F'cs.s =⋅⋅Es εcs A's 49.2 kN

Creep

≔φRH =⋅⋅
⎛
⎜
⎜
⎜⎝

+1 ――――
-1 %RH

⋅0.1
‾‾‾‾3

――
h0
mm

⎞
⎟
⎟
⎟⎠

⎛
⎜
⎝
―――

⋅35 MPa

fcm

⎞
⎟
⎠

0.7 ⎛
⎜
⎝
―――

⋅35 MPa

fcm

⎞
⎟
⎠

0.2

1.31

≔βfcm =―――
16.8

‾‾‾‾‾
――
fcm
MPa

2.3

=t 100 ≔t0 28

≔βt0 =―――
1

+0.1 t0
0.2

0.49

≔α3 =
⎛
⎜
⎜
⎜⎝

――
35

――
fcm
MPa

⎞
⎟
⎟
⎟⎠

0.2

0.9

≔βH =min
⎛
⎜
⎝

,+⋅⋅1.5 ⎛⎝ +1 (( ⋅0.012 RH))18⎞⎠ ――
h0
mm

⋅250 α3 ⋅1500 α3
⎞
⎟
⎠

429.4

≔βc =
⎛
⎜
⎝
―――

-t t0
-+βH t t0

⎞
⎟
⎠

0.1

≔φ0 =⋅⋅φRH βfcm βt0 1.45

≔φ =⋅φ0 βc 0.2

≔αs.ef =⋅――
Es

Ecm

(( +1 φ)) 6.6

≔αp.ef =⋅――――
⋅Ep ⎛⎝ -1 χt⎞⎠
Ecm

(( +1 φ)) 6.3
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4.4 Effective sectional constants

≔AI.ef =++Ac ⋅⎛⎝ -αp.ef 1⎞⎠ Ap ⋅⎛⎝ -αs.ef 1⎞⎠ As.tot 0.12 m2

≔xI.ef =―――――――――――――――――――――
++++⋅Atf ytf ⋅Aw yw ⋅⋅⎛⎝ -αp.ef 1⎞⎠ Ap yduct.I ⋅⋅⎛⎝ -αs.ef 1⎞⎠ A's d' ⋅⋅⎛⎝ -αs.ef 1⎞⎠ As d

AI.ef

257 mm

≔Itf.I.ef +―――
⋅btf htf

3

12
⋅Atf ⎛⎝ -xI.ef ytf⎞⎠

2

≔Iw.I.ef +―――
⋅bw hw

3

12
⋅Aw ⎛⎝ -xI.ef yw⎞⎠

2

≔II.ef =++Itf.I.ef Iw.I.ef ⋅⋅⎛⎝ -αp.ef 1⎞⎠ Ap ⎛⎝ -yduct.I xI.ef⎞⎠
2 0.004 m4

≔ep.ef =-dp xI.ef 276 mm

≔es.ef =-d xI.ef 297 mm

≔e's.ef =-xI.ef d' 221 mm

≔σcc.t =+―――――――
-+

 ↲⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Fcs.s F'cs.s

AI.ef

⋅―――――――――
++

 ↲-+
 ↲⋅⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠ ep.ef

⋅Fcs.s es.ef ⋅F'cs.s e's.ef
Mg0.max Mqt.max

II.ef
-xI.ef -30.2 MPa

≔σct.t =+―――――――
-+

 ↲⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Fcs.s F'cs.s

AI.ef

⋅―――――――――
++

 ↲-+
 ↲⋅⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠ ep.ef

⋅Fcs.s es.ef ⋅F'cs.s e's.ef
Mg0.max Mq.max

II.ef
⎛⎝ -h xI.ef⎞⎠ 31.8 MPa

=σcc∞.max 33.1 MPa =>σcc∞.max ||σcc.t|| 1

=σct∞.max 3.9 MPa =>σct∞.max σct.t 0 Cracking allowed

≔σcp.t =+―――――――
-+

 ↲⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Fcs.s F'cs.s

AI.ef

⋅―――――――――
++

 ↲-+
 ↲⋅⋅-⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠ ep.ef

⋅Fcs.s es.ef ⋅F'cs.s e's.ef
Mg0.max Mqt.max

II.ef
⎛⎝ -dp xI.ef⎞⎠ 25.9 MPa

≔σp0.t =+――――――
⋅⎛⎝ -1 χt⎞⎠ ⎛⎝ -P0i Fcs.p⎞⎠
Ap

⋅αp.ef σcp.t 784 MPa

≔εp0.t =――
σp0.t
Ep

⋅4 10-3

≔Δεp =-εpd εp0.t ⋅4.9 10-3
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≔Δεp =-εpd εp0.t ⋅4.9 10-3

4.5 Moment capacity

≔εcc ⋅6 10-3

≔λ 0.8 ≔η 1.0

≔x 100 mm

≔x =root ⎛
⎜
⎝

,
--

 ↲-+⋅⋅⋅⋅η fcm btf λ x ⋅fym A's ⋅fp0.1m Ap

⋅fym As ⋅⋅fts3 bw (( -h x))
x⎞
⎟
⎠

75 mm

≔z =-d ――
⋅λ x

2
524 mm

=<⋅λ x htf 1

≔ε's =⋅――
-x d'

x
εcc ⋅3.1 10-3 =εsy ⋅2.75 10-3 =>ε's εsy 1

≔εs =⋅――
-d x

x
εcc ⋅3.8 10-2 =εsy ⋅2.75 10-3 =>εs εsy 1

≔εp =+⋅――
-dp x

x
εcc εp0.t ⋅4.1 10-2 =εp0.1m ⋅9 10-3 =>εp εp0.1m 1

≔MRd =

-

 ↲++⋅⋅⋅⋅⋅η fcm btf λ x
⎛
⎜
⎝

-dp ――
⋅λ x

2

⎞
⎟
⎠

⋅⋅fym A's ⎛⎝ -dp d'⎞⎠ ⋅⋅fym As ⎛⎝ -d dp⎞⎠

⋅⋅⋅fts3 bw (( -h x))
⎛
⎜
⎝

--dp x ――
-h x

2

⎞
⎟
⎠

736 ⋅kN m

=MEd.max 736 ⋅kN m

=≥MRd MEd.max 1

Minimum reinforcement amount

≔As.min =⋅⋅⋅0.26 ――
fctm
fym

bw d 154 mm2 ≔As.max =⋅0.04 Ac 4424 mm2

=As 603 mm2 =≤≤As.min As As.max 1
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Shear between web and flanges

≔Δx =―
l

4
2 m

≔Fc1 =―――
MEd ((Δx))

z
940 kN

≔ΔF1 =-⋅―――
-btf bw
⋅2 btf

Fc1 ―――
VEd ((Δx))

2
128 kN

≔vEd1 =――
ΔF1

⋅htf Δx
0.5 MPa =⋅0.4 fctm 1.6 MPa =<vEd1 ⋅0.4 fctm 1

≔Fc2 =―――
MEd.max

z
1405 kN

≔ΔF2 =⋅―――
-btf bw
⋅2 btf

⎛⎝ -Fc2 Fc1⎞⎠ 123 kN

≔vEd2 =――
ΔF2

⋅htf Δx
0.5 MPa =⋅0.4 fctm 1.6 MPa =<vEd2 ⋅0.4 fctm 1
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4.6 Crack width

=σc 34 MPa =xII 174 mm

≔σs =⋅⋅αs ―――
⎛⎝ -d xII⎞⎠

xII
σc 410 MPa

≔σ's =⋅⋅αs ―――
⎛⎝ -xII d'⎞⎠

xII
σc 148 MPa

≔σp0 =――
P0i

Ap

689 MPa

≔σp =+⋅⋅αp ―――
⎛⎝ -dp xII⎞⎠

xII
σc σp0 1067 MPa

=---+⋅σ's A's ⋅⋅btf htf ―――――

+σc ⋅―――
-xII htf
xII

σc

2
⋅σp Ap ⋅σs As ⋅⋅fts1 bw ⎛⎝ -h xII⎞⎠ 0 kN

=

-+

 ↲++⋅⋅σ's A's ⎛⎝ -dp d'⎞⎠ ⋅⋅⋅btf htf ―――――

+σc ⋅―――
-xII htf
xII

σc

2

⎛
⎜
⎝

-dp ―
htf
2

⎞
⎟
⎠

⋅⋅σs As ⎛⎝ -d dp⎞⎠

⋅⋅⋅fts1 bw ⎛⎝ -h xII⎞⎠
⎛
⎜
⎝

--dp xII ――
-h xII
2

⎞
⎟
⎠

Mqp.max

0 ⋅kN m
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≔ay =+c ―
ϕ

2
28 mm

≔hc.eff =min
⎛
⎜
⎝

,,,,+ay ⋅5 ϕ ⋅10 ϕ ⋅3.5 ay -h xII ―
h

2

⎞
⎟
⎠

98 mm ≔Aeff =⋅hc.eff bw 0.01 m2

≔ξ 0.5

≔ξ1 =
‾‾‾‾

⋅ξ ―
ϕ

ϕp
0.7

≔ρp.ef =――――
+As ⋅ξ1 Ap

Aeff

0.07

≔αf =min
⎛
⎜
⎝

,――
fts1
fctm

1
⎞
⎟
⎠

0.5

≔kfl =―――
-h hc.eff
h

0.8 ≔kb 0.9

≔sr.max =min
⎛
⎜
⎝

,⋅1.7
⎛
⎜
⎝

+⋅1.5 c ⋅⋅――
⋅kfl kb

7.2
――
ϕ

ρp.ef
⎛⎝ -1 αf⎞⎠

⎞
⎟
⎠

⋅1.3 ⎛⎝ -h xII⎞⎠
⎞
⎟
⎠

71 mm

≔kt 0.6

≔Δε =max

⎛
⎜
⎜
⎜⎝

,――――――――

-σs ⋅⋅kt ――
fctm
ρp.ef

⎛⎝ +1 ⋅αs ρp.ef⎞⎠

Es

⋅⎛⎝ -1 kt⎞⎠ ―
σs
Es

⎞
⎟
⎟
⎟⎠

⋅1.8 10-3

≔wk =⋅Δε sr.max 0.129 mm
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4.7 Shear capacity

≔Pd =⋅σp0.t Ap 470 kN ≔αp =atan
⎛
⎜
⎝
―
ep
l1

⎞
⎟
⎠

5.4 °

≔Vipd =⋅Pd tan ⎛⎝αp⎞⎠ 44.6 kN

≔VEd.net =-VEd.max Vipd 204.4 kN

≔τEd.net =――
VEd.net

⋅bw z
2.6 MPa ≔τEd =―――

VEd.max

⋅bw z
3.2 MPa

Shear capacity of cracked concrete without shear reinforcement

≔ηcF =max
⎛
⎜
⎝

,-1.2 ⋅0.5 ――
fts3
MPa

0.4
⎞
⎟
⎠

0.4

≔ηF 1

≔acs =―――
MEd.max

VEd.max

3 m

≔k1 =min
⎛
⎜
⎝

,⋅⋅――
0.7

acs

⎛
⎜
⎝

+ep ―
d

3

⎞
⎟
⎠

――
Ac

⋅bw z
⋅0.25 ――

Ac

⋅bw z

⎞
⎟
⎠

0.2

≔kvp =+1 ――――
⋅-Pi d

⋅⋅VEd.max 3 acs
0.9

≔d =―――――
+⋅d2 As ⋅dp

2 Ap

+⋅d As ⋅dp Ap

544 mm

≔ρl =――――
+⋅d As ⋅dp Ap

⋅bw d2
0.0146

≔σcp =min
⎛
⎜
⎝

,―
Pi

Ac

⋅0.2 fcm
⎞
⎟
⎠

3.4 MPa

≔τRdc.0 =⋅0.66
⎛
⎜
⎝

⋅⋅⋅100 ρl ――
fcm
MPa

―――
40 mm

d

⎞
⎟
⎠

―
1

3

MPa 1.2 MPa

≔τRdc =+τRdc.0 ⋅k1 σcp 1.7 MPa

≔τRd.cf =+⋅ηcF τRdc ⋅ηF fts3 2.3 MPa =――
τEd.net
τRd.cf

%114
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Shear capacity of cracked concrete with shear reinforcement

≔θ 21.8 deg

≔sw 400 mm

≔Asw =⋅――
ϕw

2

4
π 50 mm2

≔ρw =――
⋅2 Asw

⋅bw sw
0.00168

≔τRd.sy =⋅⋅ρw fym cot ((θ)) 2.3 MPa

≔ηsw 0.75

≔τRd.sF =⋅⎛⎝ +⋅⋅ηsw ρw fym ⋅ηF fts3⎞⎠ cot ((θ)) 5.7 MPa =――
τEd.net
τRd.sF

%45

≔nw =⋅2
⎛
⎜
⎝

+―
l1
sw

1
⎞
⎟
⎠

17

=lw 1.3 m

Minimum shear reinforcement amount

≔ρw.min =⋅0.08 ―――

‾‾‾‾‾
――
fcm
MPa

――
fym
MPa

0.0011

≔α 90 °

≔sw.max =―――――
⋅2 Asw

⋅⋅bw sin ((α)) ρw.min
620 mm

≔sl.max =⋅⋅0.75 d (( +1 cot ((α)))) 408 mm

=<sw min ⎛⎝ ,sw.max sl.max⎞⎠ 1
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4.8 Anchorage zone

≔γp 1.2

≔P =⋅γp Pi.1 465.6 kN

=⋅0.2 h 118 mm

≔hp 110 mm

≔bp 110 mm

≔σcc =――
P

⋅hp bp
38.5 MPa =fcm 55.2 MPa =⋅3 fcm 165.5 MPa

Vertical reinforcement

≔a =hp 110 mm =h 590 mm ≔b =―
h

2
295 mm

≔T =⋅⋅―
1

4
――

-b a

b
P 73 kN

≔Av =―
T

fym
133 mm2

≔nv =ceil
⎛
⎜
⎜
⎜⎝

―――――
Av

⋅⋅2 ―――
((8 mm))2

4
π

⎞
⎟
⎟
⎟⎠

2 =―
h

2
295 mm
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4.9 Buckling

≔l0 =ltot 8500 mm

≔i =
‾‾‾
―
Ic
Ac

178.8 mm

≔λ =―
l0
i

47.6

≔n =―――
P

⋅fcm Ac

0.08

≔λlim =――
10.8

‾‾n
39.1

≔A =―――
1

+1 ⋅0.2 φ
0.96

≔ω =―――
⋅As fym
⋅Ac fcm

0.1

≔B =‾‾‾‾‾‾+1 ⋅2 ω 1.05

≔C 0.7

≔λlim =――――
⋅⋅⋅20 A B C

‾‾n
51.2 =<λ λlim 1
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5 Evaluation

=wk 0.129 mm =β1 ⎛⎝wk⎞⎠ 1

≔Vconc =⋅Ac ltot 0.94 m3

≔GWPconc 340 ――
kg

m3
=⋅Vconc GWPconc 319.6 kg

≔Vsteel =+++⋅As.tot ltot ⋅⋅Asw lw nw ⋅Ap lp ⋅⋅Asv lv nv 0.0183 m3

≔Wsteel =+⋅Vsteel ρs ⋅Vconc ρfs 0.177 tonne

≔GWPsteel 370 ――
kg

tonne
=⋅Wsteel GWPsteel 65.4 kg

=β2 ⎛⎝ +⋅Vconc GWPconc ⋅Wsteel GWPsteel⎞⎠ 0.79

=⋅β1 ⎛⎝wk⎞⎠ β2 ⎛⎝ +⋅Vconc GWPconc ⋅Wsteel GWPsteel⎞⎠ 0.79
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