'g Technion
1 Israel Institute of

Technology

Topology optimization of post-tensioned
concrete beams

Oded Amir ! Emad Shakour !

'Faculty of Civil & Environmental Eng., Technion — Israel Institute of Technology

IASS, July 16-20 2018, MIT

TopOpt of post-tensioned concrete 1



Motivation

Reinforced

service load
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reinforcing bars

Some advantages of prestressing:

» Durability — no cracks

» Economical — full section is
utilized

P Aesthetics — lighter design
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Motivation

Optimizing topology and then adding prestressing doesn't make sense...

A prestressing cable A

cable profile determined according to bending moments

impossible cable shape

possible cable shape

optimized beam did not consider the prestressed tendon

TopOpt of post-tensioned concrete 3



g Technion
Israel Institute of
Technology

Motivation

Optimizing topology and then adding prestressing doesn't make sense...

A prestressing cable A

cable profile determined according to bending moments

impossible cable shape

- possible cable shape

optimized beam did not consider the prestressed tendon

Literature: some work on optimizing tendon profiles;
and on TopOpt for given prestressing forces
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Modeling approach

» For initial design,
prestressing is seen as a
collection of forces related
to the tendon’s curvature

» The tendon geometry is
represented by a B-spline

» Control points in X are
fixed, coordinates in Y are
design variables
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Design parametrization

Concrete distribution is determined by filter and projection operations:
1. Density filter

> w(xj)vip; T A e N =
b= JEN; i '\ﬂ i
X wx)y T~
JEN; t =
2. Tendon-to-concrete filter: \Lﬁ \

pi= pi+(1— ﬁ)ei%(%)u T

3. Heaviside projections — ‘robust’ approach

Bra

_ero __ tanh(BHSUero) + tanh(/BHS(ﬁi - 7Iero))

P Xanh(Brstero) + tanh(Bus (I — fero))

—dil _ tanh(Brusnair) + tanh(Bus(pi — nan))

! tanh(Busngir) + tanh(Bus(1 — ndir))
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Problem formulation

Minimize total deformation and tendon force, for a given volume of
concrete and allowable curvature:

. 2
min o= Wc(f;tutotal) + wr Tpre
[P:P, Tpre]
Ng .
> pdve
=1 *
s.t.: == Vv <0
g Ne dil =
> Ve
e=1
%max S R
0<pe<1, e=1,...,Ng
P<P<P

Keroutota/ = fext + fpre

» Density variables p and shape variables P are coupled by the
tendon-to-concrete filter
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Implementation

» Concrete model is linear elastic ©©0
E(ﬁem) — Emin + (Emax - Emin) (pem)pg
» Continuation on parameters:
pe=1—-3 fBys=1—-8 u=2-—>38

» Heaviside projections with 7n4i = 0.4, Nero = 0.6
Fixed total of 200 iterations, MMA [Svanberg, 1987] .

vy

Approximate max. curvature:

a(t) = M= R, = (Z am”")

(x(2)+y(2)?)2
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» Seek symmetric design

» Either constant or variable a=1
tendon force ‘#‘@##*‘@*H‘fﬁ
» No curvature constraint LX ‘—j*:

» 4 control points

L2~

Constant Tpre = 625, f] ue = 223.023, f] ,upe = —222.305

e A~

Variable T, = 627.7, fextuext = 223.810, f;tupre = —223.831
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Examples

» With or without a=1
curvature constraint “HHHHHHHHHH:

Y
ot
» 7 control points x

TR Z7T T3>~

Constant Tpre = 648.65, ] uee = 362.867, fl upe = —362.863, |« = 0.0077
L cavmme—— . . . ——ammw--—_
Constant Ty = 648.65, fl e = 414.049, fl u,e = —319.919, |x| _ = 0.0035

max

ARy 5 L ey AR

Constant Tp. = 842.94, 1 Uee = 429.930, fextupre = —429.932, |x] = 0.0035

max
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The effect of Ty
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Case optimized layout

o) 8.1490e+03 m
Tore =06 X Tstp  fluee  204.6562 \ _/

fliupre —114.3846

: RS & o .~
Tore =08 X Tstp  fliuee 2116173

fl upre  —157.6005

¢ e IS
Tore=1.0x Tstp  fl,uee 213.1219

fl upre  —198.6995

; .|| e ——>
Toe=12% Tsrp  fluee  222.6423 e~ L >

flupre  —222.6353

0 ToEse 0t == T
Tore =1.4 % Tstp fs-[)-(tuext 251.9399 \_‘-/

fl,upre  —251.9205
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Conclusions and outlook — prestressed concrete

» Coupled shape and topology optimization via dedicated
tendon-to-concrete filter

» Procedure captures the essence of prestressed concrete, leading
to no-tension designs

» Further extensions: explore objective functionals (stresses?);
multiple tendons; ...
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Conclusions and outlook — prestressed concrete s

» Coupled shape and topology optimization via dedicated
tendon-to-concrete filter

» Procedure captures the essence of prestressed concrete, leading
to no-tension designs

» Further extensions: explore objective functionals (stresses?);
multiple tendons; ...
More general view on the approach:
» Related to some ideas on TopOpt with pressure loads
» Related to some work on TopOpt with embedded components

» Related to emerging “Geometry Projection” methods,
e.g. Guest, Norato, Guo, ...
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Questions?

Further results and discussion:
» Paper in SMO (piecewise linear tendon), 2018
» Paper in current IASS proceedings
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Point load Two- span beam
Q=10
2 “x\\#HHHHHHHHHHL
= % = o

Tore =0.5,1.0,1.5 x Tsp Snapshots with Tpe = 0.8 X Ts7p
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Examples

Setup Optimization snapshots

q=1
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Principal stresses \ /

External loads

)

Tendon loads
S —

Tendon and external loads
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Examples

Optimizing a multi-span bridge:

e satre 6 Ej%mﬁ

Why doesn't this look “correct” 777
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Examples

Optimizing a multi-span bridge:
.

& rynm— =it
SR SR LORPL SSORPL N,

Why doesn't this look “correct” 777

Because the construction stages were not considered:
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Construction?

» 3-D printing?
» Fabric form?

5 that can be formed using
icas il

geentwiife, die mit Schalungen
igen Gewebetuchern geformt

(Thesis of V. Mercuri, Pavia; West, 2006)
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