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Appendix A 1

Stringer Approach lllustrated by An Example

The calculation of structure 2 in the main report chapier 3sieown with traditional hand calculations by
means of the stringer method. For a more detailed descrptibthe approach the reader should look into
the main report.

The dimensions and loads for structure 2 is stated in [abl@.ABecause of the thickness the example is
representative for concrete walls.

Thickness 300 mm

Hight 1000 mm
Width 1400 mm
Q1 75 kN

Q2 135kN

Table Al1.1: Dimensions and loads.

For traditional hand calculation the shear and stringaerdsiare determined by using the following steps:

1. Select the stringer mesh, stringer lines must be plactebatenter of the reactions and loads.
2. Chose direction of operational sign.

3. Determine the reactions if the system is static deten®jrilanot see step 5.

4. Calculate the shear stress in the fields.

a) Determine the number of static indeterminate and whidtifishould be chosen freely regarding
shear stress.

b) Determine the shear stress in the remaining fields byocatiir horizontal projection.

¢) When the shear stress in the last field is calculated thigv@n be checked by equilibrium in the
direction perpendicular.

5. Calculate the stringer forces by free body diagram fohesiinger, the reactions can be found as well.
6. Determine the reinforcement and make sure that the casiprecan be carried in the stringers and shear
fields.

A1l Stringer Mesh

The stringer mesh is placed such that the stringer linesviihe edge both external and around the hole, and
in the center of the loads and reactions as well, cf. FigurdlAThe direction of operational sign is marked
with x-y axis.



Appendix Al. Stringer Approach lllustrated by An Example
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Figure A1.1: Structure 2converted to stringer system, nodes are nurdiien 1 to 16 with bold, stringers from
1 to 24 and shear areas from 25 to 32.

Al.2 Stressin Shear Fields

The number of static indeterminats, is determined by equatioh (Al1.1), and for the hand calmnal is
interpreted as the number of static indeterminate sheasare

Variables : 2 Ngtringers+ Nshear areas Nreactions
Equilibrium equations:  2nnodest Nstringers (Al1.1)

Statically indeterminateN .  Nyariables— NEquilibrium Equations

For structure N is determined as equatidn (Al.2).

N=(2-24+1-8+1-8)—(2-16+1-24)=8 (A1.2)

Hereby it is determined that structure 2 is eight timesc#lii indeterminate which lead to following options:
The shear stresses in area 25 and 26 are chosen freely thsbgér stresses in area 27 can be determined by
vertical equilibrium in a cut through area 25, 26 and 27, ajuFe[AT.2.
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Al.2. Stress in Shear Fields

75 kN

350 mm 27

ch
LTB
{ "

Figure A1.2: Vertical cut through area 25, 26 and 27.

300 mm 26
—0.26 MPa

350 mm 25
—0.23 MPa

1

The shear stresses in 25 and 26 are chosen relative equalstodbs in area 27 gets a value close to 25 and 26.
To5 = —0.23 MPa and s = —0.26 MPa gives:

—Q1—To5-hos-t —Tog- et
ho7-t
100 kN— (—0.23 MP3 - 350 mm 300 mm- (—0.26 MP4 - 300 mm 300 mm
350 mm 300 mm

To7 =

= —-0.261 MPa

By vertical cut through area 28 and 29, witly = T»g as the third free choice, the last shear stresses in area 30,
31 and 32 are determined by horizontal equilibrium. Thess&e are shown in Figure Al.3. The shear stresses
are checked by a vertical cut through area 30, 31 and 32 jtis¢ dft of node 13,14,15 and 16.




Appendix Al. Stringer Approach lllustrated by An Example

-0.26 -1.00 -0.89
-0.26 -1.70
-0.23 -1.00 -0.93

Figure A1.3: Shear stress in MPa.

Al1.3 Stringer Force and Reaction

The force in the stringer line through node 1, 2, 3 and 4 isutated using vertical equilibrium and a free body
diagram, cf. equatio (All.3) and Figure All.4.

Sy
n

350 mm LT3

300 mm {Tz

350 mm Ln

1
¢Syl

Figure Al1.4: Free body diagram for stringer line through node 1, 2, 3 and 4.

Sy =0 (AL.3)
Sy = —0.3 MPa: 350 mm 300 mnm4- 0= —24.15 kN

Sys = —0.35 MPa 300 mm 300 mm4+ —31L5kN = —47 kN

Sy = —0.3 MPa: 350 mm 300 mm4- —63 kN= —75 kN

Sy =—-Q1 OK

Same procedure follows for the remaining stringers. Theutations and appurtenant illustrations are placed
at AppendiX/A7.1l. The stringer forces are illustrated inlF&ALS and Figurg ATl6.
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Al.4. Determination of Reinforcement and Compression Ciapa

4 8 12 16
-75 135 -135 -75 ‘—
-48 -1 3 7 -65 L -115
-146
24 ]2 6 113 (...
0 0 -105
1 5 9 13

-294

13

5 9

Figure A1.6: Stringer forces inkN.

Al.4 Determination of Reinforcement and Compression Capacity

The parameters in Tadle’Al.2 are used for the reinforcenmehthecking the compression capacity.




Appendix Al. Stringer Approach lllustrated by An Example

Safety factor for normal control classy, 1.45
Safety factor for reinforcing steel  ys 1.20
Compressive strength of concrete  f; 25 MPa
Yield strength of reinforcement fy 350 MPa

Table A1.2: Safety factors and strength values.

The compression capacity is maintained in all stringersisile stringers and shear fields has the following
reinforcement, cf. Tablg_ATl.3 and the calculations is foimdppendi’A7.1. The necessary reinforcement
results in a total reinforcement amount of 40 kg.

Stringer line  Necessary reinforcement Reinforcement Efficy ratio Efficiency ratio
area[ mmﬂ Shear transmission compression

1 - - - 156 %

2 - - - 351%

3 16 404 16 % 38%

4 - - - 218 %

5 - - - 88 %

6 253 4 @10 17 % 2%

7 - - - 42 %

8 642 6 714 7% 12%

- 1113™7/, @18/ 160 mm

x- and y-dir.

Table A1.3: Reinforcement in tensile stringers and shear fields.




Appendix A 2

Material parameters for example

The material parameters for the main report chaptel 3.2 atewalated according td@os).

Ovre graense for trykstringer, indput for C_d

Gzlder kun for eks.12.2.,modificeret. stringer 16,18,19, 21, Da den mindste hgjden pa
det tilstodende forskydningselement er 300.

Normal kontrolklasse

Tabel 2.3,s38
Beton styrke C25

Yei= 1.45

fc = 25MPa

C
foqi= — = 17.241-MPa

Ye
Elementtykkelse t:= 300mm
Hgjde af forskydningsfelt vinkelret pa stringeren hy := 300mm
Q1 Q2 Q2 Q1
4 S22 8 S23 12 S24
T 16
350 5 C & E H o,
L S19 $20 S21 §,max
7 11 15
300 52 B S5 S8 G S11 he
S16 S17 S18
L 2
6 10 14
330 S1 A S4 D S7 F S10
L S13 S14 S15
" 1 5 9 13
. 500 . 400 . 500 ,
A L] L) 4

ZRT |-

AC,an!dV



Appendix A2. Material parameters for example

Effektivitetsfaktoren
Formel 6.15, s.179

Anbefalede gvre greense for stringerhgjden

Ngdvendig betonareal i stingeren
vha. plastisk trykstyrke

Stringerhgjde

(1) indsaettes i (3). A_c,n@dv isoleres i (3) og indseettes i (2).
N_c isoleres i (2) hvormed N_cMAX haves da h_smax indgar

@vre graense for forskydning i betonfelt
Normal kontrolklasse
Tabel 2.3,s38

Beton styrke C25

Effektivitetskoefficienten
Formel 5.22 s.140

@vre greense for betonspaending
Plastisk betontryk
Formel 12.9, s.326

fe
Vi = ma 0.98— ,0.61=0.93
500MPa

hgnax = 0.2h = 60.-mm (1)
N Nc
cnadv 2
Virfed 2
A
b cnedv @)

NoMAX = Vi fod “thgmax = 288-62HkN

Foe= 14D

fC := 25MPa
fc

fcd = — = 17.241MPa
Y

£
v:i= may 0.7— ———,0.45 = 0.575
200MPa’ )

ogs:= v-f,q4 = 9.914MPa

28 s
Toas™

max 7 = 4.957MPa




Appendix A 3

Linear Programming

Opti _String is written in MATLAB and uses the built-in function linpro@pish is a linear programming
algorithm. This chapter contains all the input matrices aredtors for structure 1 which is a simple and clear

example. Input for both lower and upper bound is shown.

A3.1 Input for Lower Bound Method

This section provides an example of the input for the lowermbmethod. Structure 1 is used for exemplifica-

tion of the input and is shown in Figure A3.1.

<— T

y
2 6 4 7 6 T
(_P
X
2m 1 g8 2 9 3
R2 —> L1 6
) 3 5 T 1 L L
——
R1 R3
3m 3m
«— >« »

Figure A3.1: Stringer system for exemplification of input into the lirppfanction in MATLAB. Aﬁe@en,

, example 12.1).

The linear programming problem is specified by equafion hRr the MATLAB function.

Ax<b
min fTxsuch thaf Aeq x= beq (A3.1)
Ib <x<ub

where



Appendix A3. Linear Programming

—

Linear objective function

Matrix for linear inequalities constraints
b Vector for linear inequalities constraints
Aeq | Matrix for linear equality constraints
beq | Vector for linear equality constraints

Ib Vector for lower bounds

ub | Vector for upper bounds

x0 Initial point for algorithm

The syntax for the linprog function in MATLAB is shown in edien (A3.2).
x = linprog(f, A, b, Aeq, beq, Ib, ub, X0, options) (A3.2)

The limits, Ib and ub, are put in as empty matrices as no limits are set but the ihmeoteeds the input in

order to carry out the calculation. The initial point for thlgorithm,x0, is set to zero. The value is not used
because linprog uses a built-in starting point but it ne@dsgrput value in order to carry out the calculation.
Using options the algorithm for the calculation is selectddhis can either be Simplex or Large-Scale, cf.

sectiolA3.B.

L oad optimisation

The objective of load optimisation using the lower boundhmeitis to maximise the load to find the ultimate
load bearing capacity of the structure which is mathemhdieacribed in equatio (A3. @95,
equation (15)).

maximise : A

restrictions: —HB+AR=—-Rg (A3.3)
CB<Cq
where
B | Vector with stress parameters
H | Flexibility matrix
R | Load vector

Ro | Constant load vector
C | Constraint matrix
C4 | Material constraint matrix

The input into MATLAB of matrices and vectors for the example shown in the following. Table"A3.1
indicates the symbolic connection between the syntax folf M#B and the load optimisation problem.

10



Load optimisation

MATLAB Load optimisation

f c
X X
A C
b Cyq
Aeq H
beq Ro
x0 0

Table A3.1: Symbols for MATLAB syntax and load optimisation.

The object functiong, is made as a zero vector with the last values set to one anéngeh of the vector
corresponds to the number of columns in the flexibility matriherex contains the load parametevhich is

the variable to maximise, cf. equatidn (AB.4).

.
0 B1 B1

c'x= : S 0 ... 01 : (A3.4)
o Vo (1 o
1 A A

where

¢ | Object function regarding load optimisation
X | Vector with variables to be determined containfigndA

The first restriction in equatiof (A3.3), which expressesahuilibrium equation, can be rewritten as equafion (A3.5)
The matrix corresponds to the left hand side in Figure A3@Ris the right hand side in Figute’A3.2.

(A3.5)

The rows in flexibility matrix,H, cf. Figure[A3.2, consists of equilibrium equations copmsding to the

number of rows. Following is interpreted:

Nrows = 2-Nnodest Nstringers

Neolumns = 2+ NstringersT Nshear areas

11



Appendix A3. Linear Programming

Stringers Shear field§Load
A B!

a
>

| A
o]
=

G|

R1

Z
[
B
R = I N R
\

Nodes

i
i
|
f
|
¥
i
-1
|
I
|
+

—————t—
¥

S OO OO OO OO OOOOOOOOOO‘W
IO

Horizontal

[

Figure A3.2: Matrix A containingH andR for load optimisation.

Rows containing a support are removed in order to solve thesy Each stringer constitutes two columns,
one for each end while shear areas constitute one for eagh®és is due to the fact that stringer force varies
linear from one end to the other while the shear stress istaonsf. the main report chapferB.1. The load
vector,R, is included in the last column.

The constraint matrix¢, cf. Figurd’/A3.3 contains rows and columns as following:

Nrows = 4 Nstringerst 2 Nshear areas

Necolumns = 2+ Nstringers+ Nshear areas

The material constraint vectdy, contains material constrains equalling compressionamsldn for stringers
and shear strength for areas.

12



Material optimisation

Stringers

Shear fields

Do~ D o~ o~ D — D o~ T o~ o~ T o~ o~ T o~ o~ — R~ o~

]
S o~ s~

Stringers iShear fields
1 2 3 4 5 6 7 1A B
start end start end start end start end start end start end start end|t A © B
-1 ! '
]
L i
-1 |
i
! !
-1 |
I
1 I
I
-1 |
1
1 |
-1 :
1 i
-1 :
! !
-1 !
1 ' <
|
I
I

e e el S e R R

cd

[72886,21]
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
2886,21
350,00
4,96
4,96
4,96
4,96

Figure A3.3: Constraint matrixC for load optimisation, | = lower value for material strength = upper value

for material strengthCy values for stringers are in kN and MPa for shear areas.

Material optimisation

The linear programming problem can be used for minimisirey rthaterial, e.g. by weight or cost, of the

structure and is described as equatml@,léquation (24)).

where

w
d

minimise: w' d
restrictions: H38 =R
CB-Cgd<Co
d>0

(A3.6)

Object function regarding material optimisation contaghweighting parameters

Vector with variables to be determined containi@nd design variable$

13



Appendix A3. Linear Programming

dstringer = kN
Osheararea = MPa

Equation[[A3.96) is similar to equation (A3.1) except theitgrfor the variable, which must be positive. The
input into MATLAB of matrices and vectors for the example iown in the following. TableZA3]2 indicates
the symbolic connection between the syntax for MATLAB angl tiaterial optimisation problem.

MATLAB Material optimisation

f c

X X

A C& Cy

b Co
Aeq H
beq R
x0 0

Table A3.2: Symbols for MATLAB syntax and material optimisation.

Compared to load optimisation the object functioncontains material weights. When minimising d the
optimal design parameterd, are determined. The vectorcontains first zeros corresponding to the number

of columns in the matrixC and then weighting parameters corresponding to the nunfleadumns inCy, cf.
FigurelA3.4.c andx are in general written as equatién (A3.7).

01 ! B1 B1
Tx={ O Prs ={ 0 ... Ons Wi ... Whs} BI”S (A3.7)
Wi dy dy
Wyar Ons Ohns
where
Ns = 2-Nstringerst Nshear areas

The number of variants can be reduced if elements shoulddzeme design parameters, e.g. one common com-
pression strength and tension strength for all stringedsoae for all shear areas. In this case three weighting
parameters which gives three design variabliedpr compression strength of stringeFg,max d> for tension
strength of stringerd max, andds for shear areagmax, cf. equation[{A3B).c contains zeros as the first 16

14



Material optimisation

values and the weighting parameters for the last three salue

T O16
W1
W2
W3

B1

Bie
dy
d>
ds

B1

Bis
d;
d>
ds

Z{O 016 W1 Wo W3}

(A3.8)

The second restriction in equatidn (AB.6) is rewritten asatipn [A3.9), where the matrix is the left hand side
in Figure[A3.4 andC is the right hand sideC andCyq for structure 1 with a simplifiecy is illustrated in
FigurelA35.

Stringers

Shear fields

= o~ ~

start end start end start end start end start end start end start end
-1

[c —cd] < Co

d

Stringers Shear field! Cd
1 2 3 4 5 6 7 A B

Figure A3.4: Constraint matrixC for material optimisation.

(A3.9)

CO OO0 OO0 OO OO0 OO O

15



Appendix A3. Linear Programming

Stringers I Shear fields! cd co
1 2 3 4 5 6 7 la B
start end start end start end start end start end start end start cndlriA B lar a2 a3
1T 1 ] :

=

~ls ~ = ~

=

Stringers
S
IA

=~ ~lzs ~= ~l=z ~

T~ ~i2 ~= ~

~Is <
© COO0 0000000 OCOOD COOC OO0

Shear fields

Figure A3.5: Simplified constraint matrixC, for material optimisation.

The loadR, is removed from the flexibility matrix;l, and instead put in as the right-hand side of the equality in
equation[(A3.B). Three columns containing zeros are adul#tetflexibility matrix as the number of columns
must match the number of columns in the constraint matrix.

Stringers Shear fields
1 2 3 4 5 6 7 IA B
start end start end start end start end start end start end start end jt_A ’[_B: dl d2 d3 R
[ ' " R3
R1

Nix
Nly
N2x
N2y
N3x
N3y
N4x

-1

Nodes

00 1 AN L B W -
\

'

o

i

Horizontal
coococoo oo

Figure A3.6: Flexibility matrix,H, for material optimisation.
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A3.2. Input for Upper Bound Method

The last restriction in equation {A3.6) are giveditprog as equatior (A3.10) and equati@n (A3.11).

{wi={o .. 0} (A3.10)
{wi={1 . 0} (A3.11)

A3.2 Input for Upper Bound Method

This section provides the matrices and vectors used Wpiein St ri ng is performing optimisation regarding
the upper bound method. Structure 1 is used for illustraiwhis shown in FiguleZA3.1.

L oad optimisation

The LP problem for finding an upper value for the load optiridsais stated in equatiof (A3.112).

minimise: CJ ¥ —R{ V

restrictions: —H'V+CT ¥ =0 (A3.12)
RTV=1
v >0

Cgq | Vector with material constraints, strength values
¥ | Vector with plastic strain variables

Ro | Constant load vector

V | Vector with displacements for each node

H | Flexibility matrix

C | Constraint matrix

R | Load vector

By rewriting the object function with the appurtenant vates in equatior {A3.12) the object function for
linprog is shown to the left which is multiplied with the variablesninimise, cf. equatiod (A3.13).

{ci R }{ :I/' } (A3.13)

The object functiong, is illustrated in Figur€A3]7 where the first 32 rows cor@sgs to theCq vector with
four values per stringer and two per area. The values aréssitoitheCy vector in Figuré’ A31B where;

17



Appendix A3. Linear Programming

row; = Fgmaxforstringer 1 in start node
row, = kR maxforstringer 1in start node
rows = Fgmaxforstringer 1 in end node
rows = R maxforstringer1inend node
rowpg = Tmin, lower values for shear stress in area 8
rowog = Tmax UPpPer values for shear stress in area 8
1| 2886,21 ] ]
2 350,00 1
3 2886,21
4l 350,00 g
Q
o0
R=!
' 5
25|  2886,21 L ]
26 350,00 7
27| 2886,21
c = 28 35000 |
29 4,96 g §
30 4,96 s
31 496 | o §
32 4,96 s
1 0,00 R
— R}
16 000 | _

Figure A3.7: Object function for load optimisation regarding upper bdumethod.

TheRg vector contains zero since the self weight is neglected.

The first restriction represents the equality constrairts @n be rewritten as equatidn (A3.14). The matri-
ces is shown in Figufe’/A3.2 ahd AB.3 respectively.

v
[ v (=0 (A3.14)

The second restriction is linearisedR3V < 1 and—R"V < —1 and is written as equatiof (A3]15).

0 RT v 1
T < (A3.15)
0 —R \Y -1
Equation[[A3.15b) is illustrated in Figure A3.8.
Plastic strains W I Displacements. Nodes V Displacements.
1 7 8 9 I 1 2 3 4 5 6 Stringers V
start  end stat  end |L U/ L Ulx yiIX yIiXx yix yix yix y'l 7
0 0 0 0, - 0 0 0 oo o o olRIR2Z 0 0/ 0 0 0 2 0oR3, 2 ol 0 - 0
0 0 0 0, - 0 0 0 0 0 0,0 0!R1R2 0 0,0 O 0 -2, OR3,-2 0" 01 --- 0

Figure A3.8: Matrix A containing zeros for plastic strains and the displacemamtsiding loads. Gray columns
contains supports and are removed.

18



Material optimisation

The last restriction in equation (A3]12) which state thatsalains must be positive is given tmprog as

equation[(A3.16) and equatidn (A3]17).

—
o
——
I
—
o
——

(A3.16)

{wi={1 .. 0} (A3.17)

Material optimisation

The LP problem for finding an upper value for the materialmjgation is stated in equatidn (A3]118)

maximise : RTV —C} @

restrictions: H' V—CT ¥ =0 (A3.18)
Clo<w
v >0

All the matrices and vector are known from load optimisation

A3.3 Algorithms

A comparison of the Simplex and Large-Scale algorithms iden®ased on the comparison one algorithm is
chosen for the following calculations. The comparison inalasing the simple system in Figlire A3.1. For
the first comparison the material limits for all the stringand shear fields have been set to the same value.
Using the two algorithms leads to the collapse mechanismwrsiin Figurd’ A3.D. Notice, only the mode of
the collapse mechanisms are found, thus the size of theadesplents are unknown as the calculations are done
with perfect plastic material behaviour. Beside the catamechanisms the plastic strains are examined.

Figure A3.9: Collapse mechanisms using Simplex (left) and Large-Scabt) algorithms. Notice, only the
mode of the collapse mechanisms are found, thus the size diglacements are unknown.

The collapse mechanism using Simplex provides a non-syriomeéchanism while Large-Scale provides a
symmetric. Analysing which elements are exposed to plastains supports the shape of the two collapse
mechanisms. Simplex only leads to plastic strains in strir§ywhile Large-Scale leads to plastic strains in
both stringer 6 and 7.

An examination of the stress parametsshows the two algorithms provides the exact same values.

19



Appendix A3. Linear Programming

Based on this simple comparison the Large-Scale algoritahaosen for the following calculations as it entails
a more balanced use of the materials.

20



Appendix A4

Practial design for material optimisation

This chapter covers the input f@t i _St ri ng when carry out material optimisation with regard to mate-
rial strengths. The chapter contains an enhancement otsire 1 from chaptdr A3 and the use in a context is
shown in chaptedr 8]2.

A4.1 Object Function

The object functiorw is shown in Figur€AZ4]1. The number of variants igringers+ Nshear The 3 vector
contains two stress parameters for each stringer, industiart and end node with the unit kN. After this
follows the design parameters; two for each stringer andaneach area, kN for stringers and MPa for shear
areas.

*

Object function =

d_8.min/max
| d_9.min/max |

e == =] ooooooooooooéq
|
w
[S)

Figure A4.1: Object function to minimise.
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Appendix A4. Practial design for material optimisation

A4.2 Linking Design Variables

The number of row in the flexibility matrixH, is increased to the number of links between elements, cf.
equation[(AZ.1). The links are expressedEin

H R
0 Al (A4.1)
0 E d €

In this exampleE consist of five rows which ensure stringer four and five to be stringer line with the same
material strength for both compression and tension andaifme or six and seven. Moreover, both shear areas
have the same material parameters. The locatidnisfdue to the length and entrieswn H is illustrated in
Figure[AZ.2 for structure 1.

Stringers Shear fields ds d9
1 2 3 4 5 6 7 1A Bldl di d2 d d3 d3 d4 d4 d5 d5 d6 d6 d7 d7  min/ min,

N [}
start end start end start end start end start end start end start endjt_A © Blmin max min max min max min max min max min max min max max _max
ot ! max

1
|

Nodes
Z
£
&

| Horizontal

cocooecococo oclhohgoocooo

I

Figure A4.2: Equality matrix for material optimisation regarding elents with equal strength parameters.

A4.3 Implementation of Material Limitsin Material Optimisation

The extra inequalities are added up to the inequalities qoation[(A3.5) which afterwards is formulated by

equation[(AZ.D).

- d< (A4.2)
0 —Mg

The matrix for inequalities is illustrated in Figure A#.3h& width of Cy andM corresponds to the number
of variantsd in the 3 vector. It is noticed thal is multiplied with minus one because the inequality sign is
turned.
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A4.4. Results for Linking Design Variables

Elm.

Stringers

Stringers
i

Stringers

1 2 3 4 5 6 7 1A

PRGN, G N R G (N ARG SN N, NS S (A QNG A A N G, . A, -G AL A S MG G S S

A4.4 Resultsfor Linking Design Variables

! Shear fields
Bl
startendstart end start end start end start end start endstart endft_A rﬁ‘ dl d2 d3

d4 d5 d6 d7 d8 d9 d10dl1 d12d13d14d15d16

-1
1

-1

IA

O OO O OO0 OO OO OO0

Figure A4.3: Inequality matrix for material optimisation regarding nesial parameters.

By linking design variables in the main report chapiet 8.4 fbllowing results are obtained. Based on the

calculated forces in the stringers and shear areas the darabreinforcement is found, cf. Table’A3.1. The
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Appendix A4. Practial design for material optimisation

reinforcement represents a weight of 38 kg.

Nodes Necessary reinforcement  Reinforcement
area[ mmﬂ

1 - -

2 - -

3 - -

4 199 6 I8

5 - -

6 - -

7 263 6 I8

8 594 6 P12

Shear fields, 982™/y, @12/ 100 mm

x- and y-dir.

Table A4.1: Reinforcement in tensile stringers and shear fields.

A45 Load Combinations

By having two load case$,andll, equation[[A3.B) is rewritten to equatidn (A4.3) for maaoptimisation
based on the lower bound method. Notice all vectors and ceatere grown to the double size.

minimise: w'-d

restrictions : H 0 P =
I 0 H B

Cd }dg{ Co } (A4.3)
Ca Co

where

Object function with material weights
d | Vector with variables to be determined containfhgndd

The expression can be developed by implementing the pehct&sign restrictions from sectibn A%#.2 and
[AZ.3. For the two load cases equatibn (A4.3) can be develtpttk expression in Figute’A4.4 by including
equation[(AZ.1) and A4l 2.
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A4.5. Load Combinations

minimise: ¢! x
restrictions: | H 0 | 0 I B ) RI1 )
0 E} Jdi [ _ e
o (H O Bi R2 |
| 10 E | d2 e0
[ Cc o 0 T8 ) Car | Col
0 -Mi dl 0 —Mo)
—————— fom———d 4 - > d <
0 C 0 B Can Cou
| i 0 -M_| d2 0 —Moy
d>0

Figure A4.4: Two load combinations for structure 1 with respect to makfiandE.
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Appendix A 5

Output from Qpti _Stri ng

This chapter contains the output fraBpt i _St ri ng when performing load optimisation based on the lower
bound method. The input are shown in chapter A3. The primiabJaom material optimisation are also shown
since they differ because of the design variables. Thetresattof the values are described in the main report chbter 9.

A5.1 Primal Values

The Primal values are shown in Figlire A5.1. The treatmeititaofalues are described in the main report chépiér 9.3.

Primal
133,33 |
0,00
0,00 |
160,00
26,67
0,00
160,00
-40,00
40,00 |
0,00
0,00 |
200,00
200,00

Load Optimisation

Figure A5.1: Primal values fronOpt i _St ri ng using linprog.

A5.2 Dual Values

stringers
i

Primal

[ 8333
0,000
0,000
-10,000
-1,667
0,000
-10,000
2,500
2,500
0,000
0,000
-12,500
-12,500

Material Optimisation

The dual values also called the shadow prices are shown imdfi§5.2. The treatment of the values are
described in the main report chagdter]9.3. When ubimyog the shadow prices consist of the dual inequalities
and dual equalities. The dual inequalities are shown toethénl Figurd AS.2 and the dual equalities are shown

to the right.
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Appendix A5. Output fronDpti _String

ShadowPrice
5[ -2.47E-16]
| @ 247E-16
5| 1.25E-19
S| 6,23E-20
- g| L25E-19
, @| 623E-20
2| -2.98E-16
S 2,97E-16
""" 5| -476E-17
y B ATSEI7
’ 5| 1.25E-19
& _____ 7| 623E-20]
£ 5| -2.98E-16
A, Bl 298E-6
g 2| 7.28E-17
g Blgamv
= 5| 7.28E-17 2| 4,00E-05
s 9| 127E-17 L, 2| -617E-16
2| L25E-19 g 3| -5.62E-16
9 Z 3| -6,00E-05
=| 2 4| 2,58E-13
o #| 624E20] 2 4| .00E05
| _-3.71E-16 g 5| -3.80E-16
S = 6| -4,00E-05
______ A 6| -1,19E-16
; T ] S617E-16
£ 2| -6,00E-05
g & 3| -1,19E-16
e L g £ 4| -74E-16
g § | 627E20 G & 5| -3.80E-16
72| 125E-19 A 6| 4,00E-05
&= _ [ 623E20 7|_-4,00E-05 |
Dual inequalities Dual equalities

Figure A5.2: The vector ShadowPrices fro@pt i _St ri ng for structure 1. The elements with plastic strains
are marked with bold, read. The vector is split in two becaafdhe length.

A5.3 Material Parameters

Opti _String automatic generate the matrigt regarding strength values stated in the Eurocode for &ring
method, cf. Figur€_AS]3.mat is used for generatinGy in load optimisation cf. equatioh (A3.3) and Fig-
ure[A3.3. Moreover aremt used for generatingg when performing advanced material optimisation, cf.

FigurdlAZ.3.
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A5.4. Practical Design

mat
[2886,21 350,00]
2886,21 350,00
2886,21 350,00
1924,14 350,00
1924,14 350,00
1924,14 350,00
1924,14 350,00

stringers
~N N B WD~

O o0
>

O

N
>

o)

(@)

Figure A5.3: Matrix generated byOpti _Stri ng for the example in chapt€rA3. Stringer strengtkN].
Stress in areasMPa

A5.4 Practical Design

This section contains the vectors whigbt i _Stri ng handle fromlinprog when performing practical design
for material optimisation. Two cases will be illustrated;

1. Material optimisation regarding mati andE

2. Load combinations with two load casésndll and regarding matrix andE

Material Optimisation Regarding Practical Design Restrictions

B d 1.min ] B d 1.min N
d 1.max d 1.max
d_2.min d_2.min
d 2.max d 2.max
d 3.min d 3.min
d 3.max d 3.max
d_4.min max(d_4min;d 5 min)
d 4.max max(d 4max;d 5.max)
d 5.min max(d 4min;d 5 min)
d 5.max = |max(d_4max;d 5.max)
d_6.min max(d_6min;d 7 min)
d _6.max max(d 6max;d 7.max)
d 7.min max(d 6min;d 7 min)
d 7.max max(d_6max;d 7.max)

d_8.min/max max(d_8;d 9)

| d_9.min/max | | max(d_8d9)

Design variables Design variables

after linking

Figure A5.4: Design variables are collected in a vector after the propeniatrixE has linked relevant elements

By introducing material matri# design variables are restricted in the optimisation. Elesan the stringer
system must respect design requirements stated in Eureeddeh is ensured by the automatically generated
matrixmat in Opti _String.
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Appendix A5. Output fronDpti _String

[ d_1min | [ m_l.min [72886,21]
d l.max m_l.max 350,00
d_2.min m_2.min 2886,21
d_2.max m_2.max 350,00
d_3.min m_3.min 2886,21
d_3.max < m_3.max = 350,00
d 4,5.min m_4,5.min 1924,14
d_4,5.max m_4,5.max 350,00
d_6,7.min m_6,7.min 1924,14
d_6,7.max m_6,7.max 350,00

2_9,9.min/max_ _m_9,9.min/max_ | 4,96_

Designvariables Mo mat

Figure A5.5: Design variables subjected to material strengthsnibgqual matrixmat from Opti _Stri ng.
mat is in kN.

Material Optimisation Regarding Two L oad Cases and Practical Design Restrictions

Bil [~ max@i,Bin) |
2l B - max@;,Bu)
S di, = maXdJLhdiJ,u)
____qj.;'____ _max(dj.,lydj,ll)_
Biu
:;j Bj
s di
L dj.,ll
primal variables Applied variables

Figure A5.6: Filtration of primal variables regarding two load cases.
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Appendix A 6

Application of Qpti _Stri ng for Complex

Structure

g
‘206:220: : 247

4 -

I

|
> b4
| |
| 194 1205|219|233| 246
| | | | | |

¢ - -4 4 4 -0
I I I I I I

I 193 1204121812321 245
I I I I I I

¢ -4 44 -0
I I I I I I

I 192 1203121712311 244
I I I I I I

¢ -4 44 -0
I I I I I I

I 191 1202121612301 243
I I I I I I

¢ -4 44 -0
I I I I I I

I 190 201121512291 242
I I I I I I

AP -
| 189 120012141228 241
O O S S
| 188 | 12131227 240

e 2 2 dalin
I I I I

I
199 212

\ \

: 187 : | :226: 239 :

\ I \

g 186:%9%1%2§ 2:38?? 2:51:3 2§5g 259 o
q} 185 ¢¥197 21(%}222} 237{} 50 ¢}254{} 258

: 184 :196:209:223: 236 : : 253 : 257 :
St Piomaton ms e Ve T T me O
G- bbb — &b ————0

Figure A6.1: Shear area numbers for structure 4.
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Appendix A6. Application ofOpti _String for Complex Structure

79 A80 481 182
C% _é; ié_ 68 82
q} 178_{P

|25 139 |53 |67 181
q}'{70_'q?7{{ﬁ?éq%7§q*17h'*?
:12 :24 :38 :52 :66 :80
o i o
| | | | | |
111 123 137 151 165 179
o i
| | | | | |
110 122 136 150 |64 178
P
:9 :21 :35 :49 :63 177
4} 150_ |151;;5 |15§J} 154_g)
| | | | |
18 120 134 148 162 176
4} 145_ |14§4;4z¢;4§q} 149_<P
17 119 133 47 |61 175
& 10_ 141692651438, 144 _g,
:6 :18 :32 :46 :60 :74
¢

135_ 13§€|91_3Z$13§$_ 1§9_¢
|

17 I31 I45 I59 I73

: |
| [ | |
| | [ | |
& 1 12%@13Qb_131_d% 132_, 133 50— 134
4 0 2 86
¢§ 9~ 64%21 1224* 123 24 d}éfﬁ ‘4* 126
¢ 7 %15@1%11@ 115‘6{} 16 <§1 '<§ T8~
:2 :14 :28 :42 :56 :70 : :88
103 4£1044105:10 107 108 4 109 _ 110 _

dﬁ ¢?3_¢Z7Q§i1gb_ —d% d}e _427
& _5_%6_6597%8_@} 99 _G 100 —& 101'é 902

Figure A6.2: Stringer numbers for structure 4.
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Appendix A 7

Appendix CD

A7.1 Stringer Method Hand Calculations

Shear Stressand Stringer Force

reinforcement and compression capacity

A7.2 Opti _String-Final Version
Functionsand Data Files

A73 Opti _String-Lower Bound Method
Functionsand Data Files

A74 Opti _String-Upper Bound Method

Functionsand Data Files
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