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List of symbols

DL
LL
Q
WL
SLS
ULS
Y6
Yo

]
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Dead load/ self-weight

Life load

Snow load

Wind load

Serviceability Limit State [KN; KN/m]
Ultimate Limit State [KN; KN/m]
Safety factor for DL [1.2]

Safety factor for LL [1.5]
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1. Loads combinations
The importantload combinations are calculated according to Eurocode 1 EN 1991.

Load combination

Load combination1: YgDL+YqLL

Load combination2: 1.35DL

Load combination3: 1.35 DL +Yq w* WL
Load combination4: ysDL+Yq WL

Load combination5: ys;DL+ w* Yo LL+Yq WL
w: 0.4 factorfor the life load [NEN-EN 1990]
y¢: 1.2 Safety factorfor DL

Yo: 1.5 Safety factorfor LL

2. Loads on the cantilever bench

2.1 Life Load [LL]
Because thereisnolife load parameterfora bench, a governing lifeload chosen between a balcony,
Living floor, stairsand a mass of 5 people. The loads are taken according to eurocode.

Balcony Load 2.5 KN/m?2 [2.5%0.4*3]= 3KN

Floor [Living] 1.75 KN/m2 [1.75*%0.4*3]= 2.1 KN

Stairs vertical load 2 KN/m?2 [2*0.4*3]= 2.4 KN

Average 5 People 420 kg 4.1201 KN - Governingforce
weight

2.2 Snow load [Q]
The snow load on the cantilever benchis calculated based on [NEN-EN 1991-1-3].

Q=i Co xCex S [ ]
Ce: 1.0
Ct: 1.0
Sk:  0.70 [KN/m?]
Wi [0.8-2.0] = 2.0 Maximum

KN

Q= Wi*CexCxS= 20+10+10%07 =14
KN
Q]-Sittingspace = 1404 =0.56 H

KN
Q2packsupport = 14 0.15 = 021 —
Qsnowtotal: Q1 + Q2 = 0.56 +0.21 = 0.77 %
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2.3 Self-weight/ Dead load [DL]
The dead load on the structure is the self-weight of the geopolymer concrete bench thatis calculated

according to NEN-EN 1991-1-1. The volumetricweight of anormal cementbased concrete y, = 24 %

isapplied forthe calculations.

. KN - =
DLL: A; *ye = 0.08 * 24 = 1.92 [F] Fy =1.923[m] =576 KN
DL2: A, xy.= 0.105 * 24 F, =2.52 % 3[m] = 7.56 KN
KN
_ 252 [
m
Al: 0.4*0.2 =0.08 m?
A2: 0.7*0.15 =0.105 m’

Total DLin SLS: F1+F2= 5.76+7.56 =13.32 KN
Total DLin ULS: yg*F1+vyg*F2=1.2%576 + 12 x7.56 =15.98 KN

Figure 1: Dead load/self-weight of the cantilever geopolymer bench

2.4 Wind load [WL]
The wind load on the cantilever benchis calculated according to [NEN-EN 1991-1-4]. Wind is movingair

with a density of 1.25 kg/m?, whose speed and direction changes. The wind pressure dp(ze) isafunction
of the height(ze), the wind velocity and the air density.

We = dp(ze) * Cpe [%] (Wind pressure)

Cpe: 1.0 External pressure coefficient

ap(ze) 58 [%] (extreme pressure)

KN
We = dp(ze) * Cpe = 0.58 x 1.0 = 0.58 [W]
The wind force on the constructionis calculated based on the following formula:
Fyina = CsCq * Z(Cf * Qp(ze) * Aref) [KN]
Cf: 0.02 (surface roughness)
CsCd: 1.0 (structural factor)

Aref: (Reference area):

A1: 200 *3000=600000 mm?2= 0.6 m2

A2:500 *3000=1500000 mm2=1.5 m2

A3: 300 *200=60000 mm2=0.06 m2

Fwind1:6.96*10-3 KN ; Fwind2:0.0174 KN; Fwind3:6.96*10-4 KN

Fwind total=Fwind1+Fwind2+Fwind3= 2.51 *10-2 KN (windload on the constructionissmall).
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3. Governing ULS load combination
Based on the loadsinthe previous chapters the governingload combination is load combination 1.

ULS Load combination

Load combination 1:

Ys DL +Yq LL=1.2 DL +1.5 LL= 1.2*15.98 + 1.5* 4.1201 = 25.36 KN -> Governing

Load combination 2:

1.35 DL= 21.33 KN

Load combination 3:

1.35 DL + Yo w* WL =1.35 DL + 1.5 *0.4* WL= 1.35 *15.98 + 1.5 *0.4* 2.51*10~
=21.59 KN

Load combination 4:

Yo DL+ Yq WL=1.2 DL + 1.5 WL=1.2*15.98 +1.5*2.51*10°= 19.21 KN

Load combination 5:

Yo DL+ w*Yq LL+ Yq WL=1.2 DL+ 0.4* 1.5LL + 1.5 WL=1.2 *15.98
+0.4* 1.5%4.1201 + 1.5 *2.51*10= 21.69 KN

4. Tilting moment equilibrium
The tilting moment equilibrium is calculated based on a horizontal variable load and the self-weight of
the cantileverbench. The horizontalload is based on horizontal stairs loads [ghorizontal]-

Ghorizontal= 0.5 KN/m
SLS:

Mhorizontal load:

> Moment/B[SLS]:
ULS:
SMoment/B[ULS]:

015m

{—=

05 m

0&m

03 m

0.55 m
Figure 2: Cantilever bench cross-section
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Fhorizontal=0.5* 3(m)=1.5 KN

1.5*%1.6 (m) = 2.4 KNm

Fhorizontal= Yo ¥0.5% 3(m)=1.5%1.5= 2.25 KN
2.25*%1.6 (m) = 3.6 KNm

Self-weight:

Flhorizontal] Gy=Y.*3 (m)*0.2 (m)=14.4 KN/m

G2=Yc*3 (m)*0.5 (m)=36 KN/m

G3=Y*0.2 (m)*0.6(m)=2.88 KN/m

Ga=Yc*3 (m)*0.3 (m)=21.6 KN/m

V1=G1*0.55 (m)= 14.4*0.55 (m)=7.92 KN

V2=G2*0.15 (m)=5.4 KN

V3=G3* 0.55 (m)=1.584 KN

V4=21.6*%0.55 (m)=11.88 KN

Self-weight moment check:

Arm:

a1=0.275 meter

a2=0.075 meter

a3=0.275 meter

a4=0.275 meter

M self-weight:

SMoment/B[SLS]: V1*a1+ V2*ay+V3*as+ V4*a,=6.29 KNm
Momentequilibrium check [SLS]: My orizontalload < Mselfweight
2.4 KNm< 6.29 KNm (The cantileverbenchis safe against tilting).




5. Structural Torsion

Due to the special design of the geopolymer concrete cantilever bench torsion moments and pure
bending moments will occur. In this chapter the torsion moments on the cantileverbenchis calculated
accordingto NEN-EN 1992-1-1. To prevent collapse of the structure torsion reinforcementis required. In
order not to exceed the resistance of the structure against torsion moment a design torsional moment

(Teq) isused as the maximum possible torsion momentthat can occur in the structure.

Ted

UcC:
Trd,c

=1.0

Teq: designtorsional moment [KNm]
Trg,c: design torsional resistance moment [KNm]
For the calculationsitisassumedthat the design torsion momentis smallerthatthe designtorsion
resistance moment.
Trd,c = 2 x fctd = e * Ak
fctq: design concrete tensile strength=1.77 [N/mmz]
Ay: concrete cross-section area [mmz]

to: effective thickness of the cross-section [mm]

To calculate the effective thickness of the cross-section the following formulais required:

¢ A
ef—u

u: outer circumference of the cross-sectionu = 2(b + h)[mm]
A: total area of the cross-section [mmz]

In figure the torsion moment reinforcement is calculated forsection C1, C3 and C4.

Figure 3: Torsion moment calculation on the cantilever concrete bench

]
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5.1 Torsion reinforcement for section C1
The torsion reinforcement of the Clis calculated by first calculating the effective thickness of the cross-

section and assuming compression strut angle of maximum 45°.
The required cross-sectional area of the longitudinal reinforcementis calculated by the following

formula:

Au = Teg*ug*cotd
0.15m S T qeaeAr
e The effective thickness of cross-section area C1:
A 700 * 150

tef = = 2(700 + 150y _ or/6mm

Teq = Trac = 2 * 1.77 * 61.76 * 105000 = 22.96 * 105Nmm

0.7m
= 22.96 KNm
. = Tea® uccotd _ 2296+ 10° x cotd5 » (2(700 + 150))
ST k2 %A 435 % 2 % 105000
, = 427.28 mm?
minimum longitudinal reinforcement of @10 is 6 in C1 cross
Figure 4: Torsion moment on section C1 — section = 6010

5.2 Torsion reinforcement for section C3
The torsion momenton cross-section C3is calculated by finding first the effective thickness.

. _A_ _600:200 _
f =W~ 2(600 +200) 0™

Teq = Trae = 2 * 1.77 * 75 * 140000
= 31.86 * 10°Nmm
= 31.86 KNm

Teq * Uy * cotd
fyd * 2 % Ak

31.86 * 106 * cot45  (2(600 + 200))

- 435 % 2 x 120000
= 488.3 mm?2

Minimum 7 longitudinal reinforcement of @10 is
requiredinsection C3.

Ag =

Figure 5: Torsion moment on section C3
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5.3 Torsion reinforcement for section C4
For cross-section C4the same procedure is used for calculating the required torsion reinforcement.

_ A 350%200
tef = = 2(350 + 200)
Teq = Trac = 2 * 1.77 * 63.64 * 70000 = 15.77 * 10°Nmm = 15.77 KNm
Toq* U * cotd  15.77 * 106 * cotd5 * (2(350 + 200) )

foa*2 %Ak 435 % 2 x 70000
Minimum 4 longitudinal reinforcement of @10 isrequired insection C4.

= 63.64 mm

= 284.84 mm?

Ag =

0.6m

Figure 6: Torsion moment on section C4
To be ableto have a clearview of the needed amount of reinforcementin section C1, C2, C3, C4and C5

pure bending moments and reinforcementis calculated.
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6. Reinforced concrete with pure bending
In this chapterthe pure bending reinforcements are calculated on section C1, C2, C3, C4 and C5
according to the Eurocode 2 EN-1992.

6.1 Reinforcement calculation for section C2

0.15m
<>

Moment
0.5m
04

0.2 m ///

////

Figure 7: Reinforcement calculation against
bending in section C2

]
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Self-weight:
C2: Yc*3 (m)*0.2 (m)=14.4 KN/m
Moment calculation due to self-weight of C2[ULS]:

1 1
M1:yg * <E> *14.4 % 04752 = 1.2 * (E) *14.4 % 0.4752 = 1.625 KNm

Moment calculation due to the Life load [LL] [ULS]:

Fl1=4.1202 KN

M2:yq * Frp* 0475 m = 1.5 x4.1202 % 0.475 m = 2.94 KNm
Total momenton C1:

M1+ M2 = 1.6245 + 2.94 = 4.56 KNm

Ccover: concrete cover of 30 mm

b: 3 meter=3000 mm

h: 0.2 m=200 mm

d:h — @8 — (®;0) Ccover = 200 —8 —5 — 30 = 157 mm
Cylinder compression strength (f.): 45 Mpa
Design compression strength (fcq): f;—: = % = 30 Mpa
Longitudinal reinforcement calculation in cross-section C2:
M 4.56

= = 2.254
bxd?*fcd 3#%0.1572 %30
This gives reinforcement percentage less than 0.069%

Thisis much smallerthanthe minimum allowed foraslab height of 200 mm.
The minimum allowed reinforcement for a slab height of 200 mm is 0.22% .
pl,min = 0.22%

The longitudinal reinforcementareaA,.

AL = pLmin* b *d* 1072 = 0.22 * 3000 * 157 * 1072 = 1036.2 mm?
minimum longitudinal reinforcement of 10 is 14 . 14¢10. For section C2
16010 isappliedinthe final reinforcement bench design. See Appendix Band
C.

The centerto centerdistance of longitudinalthe reinforcement bars:
bx2c —-208 3000mm—60mm —16mm .
ctc= C";’;r = " =195 mm. The maximum

distance between the reinforcement bars should be 195 mm. Forthe final bench
designac.t.cdistance of 150 mm ischosen.

10



6.2 Reinforcement calculation for section C1
The reinforcementin cross-section Clis calculated by finding the pure bending momentin point A
(figure 8).

FLL

FLLH

3m

Figure 8: Longitudinal reinforcement calculation against bending in section C1

Self-weight:
KN
Gy = Yc*0.55(m) *0.2 (m) = 2.64H
KN
Gy = Y. *0.15 (m) * 0.5 (m) = 1.8H
Life load LL:

Fi L =4.1202 KN
Bending moment at point A [ULS]:

1 1

1 1

M3: Fpp, 1 (m) *yq = 4.1202 * 3 (m) * 1.5 = 18.54 KNm
Total bending moment at point A [ULS]:

M1+ M2 + M3 = 42.52 KNm
b: 0.15 m =150 mm

h: 0.5 m=500 mm

d:h—@8—(?)—ccwer=500—8—5—30=457mm

Cylinder compression strength (f.x): 45 Mpa
Design compression strength (fcg): Lo — % = 30Mpa

Yc

M 42.52
_ _ L - . . o o
DrdZefed = 51570457730 45.24 thisgivesalongitudinal reinforcement ratio of pj i, = 0.319%

AL = pLmin *b* d* 1072 = 0.319 * 150 * 457 * 10~2 = 218.67mm?
Minimum 3 longitudinal reinforcement of @10. For section C1 3@10 is applied inthe final bench design.

The total reinforcement designis giveninappendix Band C.

]
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6.3 Reinforcement calculation for section C3
Life load LL:

FLL = 4.1202 KN

Bending moment at point A [ULS]:

1 1
M1: E*Gl *lz*yG=E*2.64*32*1.2 = 14.26 KNm

1 1
M2: E*GZ *12(m) * yg =2+ 1.8%32 x 1.2 = 9.72 KNm

M3: Fpp, 1 (m) *yq = 4.1202 * 3 (m) * 1.5 = 18.54 KNm
Total bending moment at point A [ULS]:
M1+ M2 + M3 = 42.52 KNm
b=0.2 m =200 mm
h: 0.7 m=700 mm
d:h— 98 — (£°) = ceover = 700 —8 — 5 — 30 = 657 mm
Cylinder compression strength (f.x): 45 Mpa
Design compression strength (fcq): f;—k = % = 30MPa
M 42.52 <

bxd2x«fcd - 0.2*0.6572%30
The minimum allowed reinforcement ratio fora height 600 mm and higher is 0.15%

AL = ppmin *b* d* 1072 = 0.15 % 200 * 657 * 102 = 197.1mm?
Minimum 3 longitudinal reinforcement of @10. For the final reinforcement design of section C3is given
inappendix Band C.

= 16.42 thisgivesa longitudinal reinforcement ratio of p; = 0.114%

]
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6.4 Reinforcement calculation for section C4
Life load LL:

Bending moment at point A [ULS]:

1 1
M1: E*Gl *12*y6=5*2.64*32*1.2 = 14.26 KNm

1 1
M2: E,,gGZ * 12(m) *yg =2+ 1.8%3%2 % 1.2 =9.72 KNm

M3: Fpp, 1 (m) *yq = 4.1202 * 3 (m) * 1.5 = 18.54 KNm
Total bending moment at point A [ULS]:

M1+ M2+ M3 =4252 KNm

b=0.35 m =350 mm

h: 0.2 m=200 mm

d:h — 98 — (£2) = cooper =200 =8 — 530 = 157 mm
Cylinder compression strength (f.x): 45 Mpa
Design compression strength (fq): f;—k = % = 30 Mpa

M 42.52
_ _ . o . . _ o
e afod — 035301572230 164.3 this givesa longitudinal reinforcement ratio of p; = 1.25%

AL =pL*b*d=*10"2 = 1.25 * 350 * 157 * 10~2 = 686.9 mm?
Minimum 9 longitudinal reinforcement of @ 10. For the final reinforcement design of section C3isgiven
in Appendix Band C.

6.5 Reinforcement calculation for section C5

The loads on the foundation of the cantilever concrete bench consist of soil load, self-weight of the
upper part of the bench and the foundation self-weight.. The bending moment of the upper part of the
bench goesfurtherto the foundation.

Vtot

Momentc
-

Y 3m

Moment

Figure 9: Loads on the foundation

KN

4 =24
concrete m3

b=0.55 m =500 mm
h=0.2 m= 200 mm

d:h— 08 — (2%) = ceover = 200 — 8 — 5— 30 = 157 mm

]
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Loads onthe foundation:

Soilload (S): Yot * 0.3 (m) * 0.55 (m) = 18 * 0.3 * 0.55 = 2.97%

Self-weight the foundation (G4):y. *h* b = 24 % 0.3 (m) * 0.55(m) = 3.96K—nr11\I
G1=Yc*3 (m)*0.2 (m)=14.4 KN/m

G2=Yc*3 (m)*0.5 (m)=36 KN/m

Gs=Yc*0.2 (m)*0.6(m)=2.88 KN/m

The self-weight of the upperpart G1, G2 and G3

V1=G1*0.55 (m)=14.4*0.55 (m)=7.92 KN

V2=G2*0.15 (m)="5.4 KN

V3=G3* 0.55 (m)=1.584 KN

Viot [ULS]:(V; + Vo, + V3) *yg + Fp *yq = (7.92 + 5.4 + 1.584) * 1.2 + 4.1202 * 1.5 = 24.1 KN
To calculate the moment at point B we assume Vot islocated as givenin figure 10.

Vtot
Moment l
C ) 03m
6 3m

Figure 10: Loads and moment on the foundation
Moment/B: Vio¢ * arm + (G) * Gy *x12xy; =241%15+ (G) *3.96 * 32 % 1.2 = 57.53 KNm
We assume no upward water load.
b=0.55 m =550 mm

h: 0.3 m=300 mm

d:h — 08 — (?)—cmeﬁ 300 —8 — 5— 30 = 257 mm

Cylinder compression strength (f.x): 45 Mpa

Design compression strength (fcq): f;—k = % = 30 Mpa
M 57.53 ‘

brdZxfcd 055702572 %30 27

This givesa longitudinal reinforcement ratio of p; = 0.377%

Ap =pL*b*d=*1072 = 0.377 * 550 * 257 * 10~? = 532.9 mm?

Minimum 7 longitudinal reinforcement of @ 10. For the final reinforcement design of section C5is given
inAppendixBandC.

]
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7. Shear capacity of the sections
In Eurocode 2 when checking the shear strength of an element without shearreinforcement, a
maximum absorbable shearforce is assumed to be equal to:
0.18 1
Vaae = [(S) #ke (100 «py £ b+

(o}
With a minimum value:

VRd.c = Vmin *byw *d

3 1
Vmin = 0.035 x k2 * f2

k=1+ / < 2.0Withdinmm

_ A —<0.02
P = b d =

Ag: cross-section area of the longitudinal reinforcement
bw: smallest width of the concrete cross-sectioninthe tensile zone

d=157 mm
bw=550 mm
Vi

VEd:mSVmin
w
VEq < 0.5 by, *d*v*fd—05*550*157*0.492*30=637.3KN

fex
U_0'6[1_ﬁ] 0.6 [1_ﬁ = 0.492

k=1+ 200 21-20
= — = 4.1 > 4.
157

Vmin =
mm

VRdc = Vmin * bw *d = 0.664 x 550 * 157 = 57336.4 N = 57.34 KN

Veg= Viot=24.1 KN

ve: e _ 2L s
Vaae 5734 afe
24.1x103

VEd = ooy =0.279 [ ] < Vnin Itis sufficient without shearreinforcement.
*

]
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Appendix

A. Cantilever bench mould design
Dimensions are 3 meter of length and 1.5 meter of height
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B. AutoCAD Reinforcement design
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C. Final cantilever bench reinforcement design
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