Building design: multidisciplinary
Approach

Structural part

Optional Lecture
GCU - S8 — M8
Civil Engineering and Urban Planning Department
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Introduction

Design a simple building accounting for

several domains
= Hydraulic

= Energetic

= Geotechnic

= Structure
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Focus on frame structures

T

|

Objectives

= Design based on EuroCodes criteria (see first semester)
— Material up to the students (steel, RC, wood...)
— Own computational code development (MATLAB)

Results
= Propose an integrated design of a simple building



Introduction

Focus on 2D frames :

examples

o

e
117777 71 L 17 77
(a) Sway frame (b) Non-sway frame (c) Idealized frame
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« Ultimate (strength)
« Service (deformability)

EC criteria depends on:
- Geometry

- Material
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Introduction : Limits states

INPUTS
Geometry
Material
Loading

Boundary conditions,etc. y
—O

FE model (Type of analysis)
Linear elastic

QS / Dynamic
+  Small/large defo. JAN
« efc.

SLS analysis ULS analysis
Displacment field e MNT maxima
(local/global) +  Cross section dimensions
Modal analysis . etc.

ete.
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Introduction : Scope of the project
Main hypothesis

- 2D frames (post-beam structures)
- Linear elastic analysis (applied for steel, RC, wood, efc.)
- Quasi-static and dynamic loadings (Earthquakes, impacts)

Design tool
- Finite Element Analysis (home made MATLAB code)

Results

- Displacement field

- Internal efforts

- Cross-section definition
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2. FEA in quasi-static conditions
2.1. Theoretical aspects
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Uo(X)
7 X
2 > \'\_
| L O ,
X X
—~l y
K
iy ¢ T vixy)
y 24 A
u(x,y) B
\ y \” y
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 3D 3 D

d due d?v, d?wo
[ u(z,y, 2) = uo(x —y%—z% Exx=%g=é§; —y?i";;—zd;%
U v x
¢ v,y 2) = vo(x) — 20,.(7) ﬁ Yoy =5y T o0 = Fdr
L 'w(af,y, Z) — ’LUO(QJ) + y@m(x) Yoz = g—;‘ + %’ = y%
Displacement field Strain tensor
EB kinematic assumptions lL
__ Ovg (
ﬁ — % Opr = F€py

Oyy = 0. = T,. = 0 are supposed null  { Toy = GVay oo .o
Tzz = GY2z  due to torsion

In the framework of EB beam theory
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FEA in quasi-static conditions

— Formulation of Euler-Bernoulli beam FE in 2D

o, duo d?v,
u(x,y ) =uo(x) — ycfz??;’ €re = gy = 0 ~ Y L?
vy ) = ve() w) | T =5y T =0
\
Displacement field Strain tensor
EB kinematic assumptions lL
__ Ovg ‘
5 — % Opr = F€py
Oyy = Tyz = 0 are supposed null § Tzy = Calculated from cross
section balance
In the framework of EB beam theory
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Vi r ____________ ei=o |

vj=0 |
WL=E=0->N3E=1 &=1-N3@§=0
N3,x =0 N3,x =0

|vi=0 -7 "—T_Vi

| 6i=0 9]:0
XL=£E=0->N5() =0 &=1- N5()=1
N5x =0 N5x =0

Shape functions
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p ( Ni(z)=1-
i veee 0j= .
] Hy(x)=1-
el R ] o) =
|9i=0 ,'_/S_ej NQ(I) = Li
Ivi=0 e V=0 Halr 302
£=0-N6E)=0 E=1-N6E=0 3(2) LZ |
N6,x =0 N6,x =1 \ H4([1’) — _z,_e

with the associated derivatives (first and second)

y

1

Ni(z) = - (
Hi(x) = -% + %
Hy(w) =1— 4z 4322
Nj(r) = - -
Hyfr) = % - %
Hyw) = -2+ |

1(x) =0

[ (x) = [(,52 + %
Hl(z) = —Li: + g—f
Nl(x)=0 )
Hg(;r) - % - 1L23:'E
Hi(r) = —2Z + %



FEA in quasi-static conditions

b N 27
= Formulation of Euler-Bernoulli beam FE in 2D ¥ ”f%}i‘@ i
N
Displacement field interpolation yL/\?W R
><A ul
o (1) | Ny () 0 0  Ny(x) 0 0 | ;;1
e O T |
REICON I e L 2 P
B
where I ¢l = [uy vy By s vy B
ﬁ __ 0Ovo
- Ny, 0 0 Ny 0 0 — or
N: 0 Hl H2 O H3 H4
i 0O H{ H, 0 H) H]
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Principle of Virtual Work

General from /(6*)T0dV=/
v

(w)' fo dV + / (u*) F, ds
/%lm»w mf?\.ﬁm v

oV

For beams AN\T _ T T
o ) /F(eb) abdF—/F(ub) fodl + ()"

where I' is the longitudinal abscissa of the structure
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f. the body forces expressed in N/ml
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Behavior law (elastic linear material)

stress and strain tensors (generalized version')

N

o, = Cep, & M(ZB)
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€0

X()

where €y 1s the axial strain
Y 1s the beam curvature

ES 0

C = 0 EJ Elastic mat.

E is the Young modulus
S the cross section area
[ its inertia
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FEA in quasi-static conditions

— Formulation of Euler-Bernoulli beam FE in 2D ﬂm‘“dj
€0 8_12? Bq |5
Eb — pm— a V0 p— e g
6»
X() =
where Strain matrix expression

N0 0 N, 0 0

“=10 mromy oo ml oHY
Moreover
o -y
Ih up = Vo | =Ng. and f, = fy
_5_ _f;:)iot — O_




) A1) = Np) o, + Nufo) aa
Ab) = he)m + R + Holr) sty + fhi() b

",
7%@ Ao _ N, O O Na o O Yy
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Integration over the potato

Integrating on each FE, we have

_/ &) G dx
/ (e) opda = Z / ()" f, dx + Z(UZ)TFbs
e Or.

EF

which is equivalent to

A W /ﬁ‘”ﬂ/w Matrix form

Le
> / (¢2)' B oyda = / ()N fode+ > (q2)"'N"F
gr V0 EF 0

ol'e






FEA in quasi-static conditions
= Formulation of Euler-Bernoulli beam FE in 2D

Assembling step AEF

L. L.
(U*)TAEF/ BTO'bd:U = (U*)T.AEF / NTfU dx + Z NTFbS
0 0

ol'c

where U is the vector of nodal displacements in the global frame

Remark : Inlocal (resp. global) frame, lower-case (resp. upper-case)
letters are used for the quantities (example: ¢. (resp. Q.))
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Classical mechanical balance expression (in the global frame)

Le Le
Apr | BYoydr = App N'f,dv+ ) N'F,

0 0 ar .
Valid for linear and non linear materials

where we define

( Fz-nt(U) — .AEF fOLe BTO'bdQ?

_/\\
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Resolution

— \NQW z&oéc Lineon

Here, linear case thus 0O0p = C qu where C is constant
N~

Fmt(U) = [AEF /Le ]BTC]BdZC] U thus KU — F@ﬂ?t
0

where K, = fo “B’CBdx is the elementary stiffness matrix

K = Agr fOLe BYCBdx is assembled stiffness matrix
Global frame
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D @J
(/A

Elementary stifness matrix of EBFE in the local frame

- ES ES -
be 12951 6](5)‘1 - L 1O2EI 62[ GA"?
0 L3 2 O = = =
0 6L AET 0 _6EI  2E] F“
. — L2 L. L2 L.
‘ -2 0 0 £ 0 0 |
0 12E1 6F [ 0 12E1 61 Naq
L3 L? L3 L2
0 6E[ 2B [ 0 _6EI  4E[ %
L2 L. L2 L. 1\
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2. FEA in quasi-static conditions

2.2. Algorithmic aspects
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FEA in quasi-static conditions
— Formulation of Euler-Bernoulli beam FE in 2D

How to do it in MATLAB ?

D:\Enseignements\ModulesOptionnels\M8
\CM\Poly\Figures\QS\CantileverBeam

D:\Enseignements\ModulesOptionnels\M8
\CM\Poly\Figures\QS\FrameStrExample

Example of a 2D portal frame
Loading : ponctual load
Boundary conditions :
articulation the supports
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INPUTS (Geometry,
Material, etc.)

FE data
(E, I, L, g, rho, etc.)

A4

Meshing
(XY, TC, DOF)

v

Matrix Assembling
M, K, C)

A4

Loading and Boundary
conditions

v

)

Resolution

)

¢

Post Processing

)

M GEOMAS
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Outline

3. FEA in dynamic conditions
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3.1. Theoretical aspects
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FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Principle of Virtual Work

(W) pirdV + [ () opdl = [ (up)" fodD + ) (up)" Fis
|4 r r
\—  —— or

Work of inertial forces

where 1 = % is the acceleration of a given material point
u* uy — Yy~ U Uy — 1y 3
Remainder:| | = | " *y B and || =|""" Y b
U UO U U()
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FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Principle of Virtual Work \
— Work of inertial forces =

() piidV = Z () pii dV A = /Vsp
o= (1 |

i FE scale

/(u*)TpildV:/ p(u*ii + v*0) dV
Ve Ve

=/Vp (w5 — y 3%) tio — y ) + 05ty | AV
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FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Principle of Virtual Work
— Work of inertial forces

Le 5 . .
/ ) piaV =p [ [ wgin (i + o) + o7 (5°5) + v bdydo
i AT =g %
>

> o

Le 7% Lo
,0/ (S ugto + Svyvo + Ias 5*5) dr = p/ wr C iy, da
0 0

INSA

FE scale
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FEA in dynamic conditions 8 0
— Formulation of Euler-Bernoulli beam FE in 2D /ua

Elementary mass matrix of EBFE (local frame) /tlé— = Arﬂ

I @
/ () piidV = p / ()" N"C,, N g, du -
Ve 0

FE scale

Remainder: U/, = qu and ’L.L.b — NQe

Le
INSTITUT NATIONAL me — p NT Cm N dx
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FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Elementary mass matrix of EBFE (local frame) .= p/OLe N'C,, Ndz

Me
(140
0
tra _ pSLe 0
e = "0 | 70
0
| 0

_ ml:ra 4 mgot
0 0 70 0 0
156 22L. O 54 —13L.
22L. 4L 0 13L, —3L?
0 0 140 0 0
54 13L. O 156  —22L,

~13L. —3L> 0 —22L,

Mass terms related to translations

INSA
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m

=

-

\\)/3'00 0

0 0 0
0 36 3L. 0 —36 3L,
rot  Ple. |0 3L, 4L? 0 —-3L. —L?
© " 30L.|0 O 0 0 0 0
0 —36 —3L, 0 36 —3L,
0 3L, —L? 0 —3L. 4L |

Mass terms related to rotations
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FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

System formulation
Summation over the FE

Le Le Le
Z(QZ)T< / pN' C,,Ndz g, + / IB%Tabd:v> = Z(QZ)T< /0 N'f, dw+ZNTFbS>
0 0

EF

Assembling over the FE (global frame)

L. ) L.
Apr </ oN'C,,N d:z:) U+ Agr </ ]B%Tabdx>
0 0

Final linear system

INSA M U(t) + Eipe(U(t)) = Frne(2)

()"

Le
= (U App ( / N fydo+) NTFbS>
0 or.




FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Resolution through time

= iis the time index : t; =i dt where dt is the timestep b
Obijective : find what’s happen at i+1 -a/:q/g/
. e

Equation to solve P(Ui—l—la Uz-+1, Ui—f—l) — Fg;;l
where P(U’i-i—l? U’i—|—17 Ui_|_1) — MUi+1 -+ CUfH—l + F’int(U’i+1>

Use of Taylor expansions

INSA
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FEA in dynamic conditions 'K ~ %

— Formulation of Euler-Bernoulli beam FE in 2D

=)

Resolution through time 7/1

= Newmark integration scheme familly allow to get velocities and
accelerations at the next step all expressed as a function of U, ,

(. : . : 1 .
U1 = U + (1 —v)AtU; + 1 [UqH_l — U, — AtU; — (5 - B)AtQUi]
= Displacement formulation

- 1 BAt
G~ Ut
INSA g 0

\
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FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

Resolution through time
= Linear system to solve at each timestep

o ) &
/t 0) ERFE ‘
> ke FD"J:“ Al
Koo RUGRSS
ot

INSA
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For linear system, we have Fj,;(U; 1) = KU,y which leads to

) gl o
| {5+ 550 + ) Ui =
Vb~ le@; 5% ~ 1
F§j1+(—c+ M) Ui+<C——1 +—M) U+
" AN 1 1_3 .
T (e (BG-n-amm) s )
For = K X (3.23)
rm

LYON

(3.24)

Spf Ui+1 - fz'+1




Outline

3. FEA in dynamic conditions
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3.2. Algorithmic aspects

INSTITUT NATIONAL
DES SCIENCES
APPLIQUEES

LYON

My GEOMAS



FEA in dynamic conditions
— Formulation of Euler-Bernoulli beam FE in 2D

How to do it in MATLAB ?

D:\Enseignements\ModulesOptionnels\M8\
CM\Poly\Figures\Dyna\CantileverBeam

D:\Enseignements\ModulesOptionnels\M8\
CM\Poly\Figures\Dyna\FrameStrExample

Example of a 2D portal frame

INPUTS (Geometry,
Material, etc.)

FE data
(E, I, L, g, rho, etc.)

A4

Meshing
(XY, TC, DOF)

v

Matrix Assembling
M, K, C)

A4

Loading : ponctual load —

Heavyside through time N

Loading and Boundary

Boundary conditions : articulation
the supports

o
1r r »
N i l

ot
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Resolution ]
v
Post Processing ]
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4. Projets aims
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Projets aims

Global project scale

Design a building using the fundamental principles of structural design
Propose 1/200 scale plans

Develop the ability to implement calculation methods in algorithms
Optimize solutions according to multiple criteria

Collaborate to solve complex problems

Structure scale

Design and sizing of a post-beam structure

Development of the FE model in linear elasticity (2D) from Euler-Bernoulli type
beam elements (under MATLAB).

Maximum internal forces and displacements assessment and cross sections sizing
according to the material considered

Analysis of the effect of different loading scenarii (dead weight, wind, operating
load, efc.) on sizing






