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Complexity of the planning process

e Many degrees of freedom:

e Geometry
e Dimensions
e Materials

¢ Big leverage of the decisions

e Many side constraints and dependencies

e Current trends to extend the scope of planning:

e Sustainability
e Life cycle
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Challenges in the planning phase

Difficulties

e Transformation of requirements

into concrete planning results

e Optimization of
e Design
e Functionality
e Equipment
e Costs
e Appointments

over the life cycle

e Setting the course for optimal
construction and operation

e Many specialized planners with
different know-how and focus

e High complexity:
e Limited amount of
investigated variants
e Successive decision-making
e Missing feedback loops
e Optimization of subtasks

e Limited time

e Changing side constraints
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Optimization problem

Adherence to
side-constraints

Choice of suitable
decision parameters

Planning problem

Ecology Economy

Sustainability Social impact

Minimization / Maximization problem

with a composed objective function

A. Martin - Life Cycle Optimization for Civil Engineering

October 9, 2015

11



FRIEDRICH-ALEXANDER

NATURWISSENSCHAFTLICHE

Mathematical solution approach: LeOpin

e LeOpln = Life-cycle oriented Optimization for a
resource- and energy-efficient Infrastructure

e Supported under BMBF-program
"Mathematics for innovations in industry and services*

e Cooperation between

e Friedrich-Alexander-Universitat Erlangen-Nuarnberg,
Department of Mathematics

e Bilfinger SE

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Cooperation between Bilfinger and FAU

Friedrich-Alexander-Universitit
Erlangen-Nurnberg (FAU)

Project coordination FAL

Mathematical models

Bilfinger
Project coordination
. Zentralbereich e
Preparation of n::_latg and Entwicklung
Jfranslator function’ und Technik
Bilfinger Bilfinger
Technical expertise Bauper- Piping

formance Technologies
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Goals and Vision of LeOplin

Proof-of-concept study:
"Can planning problems be solved via mathematical optimization problems?“

e Explain fundamental dependencies and interconnections
e Extension of traditional solution approaches

e Methods for holistic optimization
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Goals and Vision of LeOplin

Advancement of the method to a tool mature for practical application:

e Holistic judgement of planning decisions

e Simple evidence for the impact of changes in the plan

e Integrated optimization of planning objects over the life cycle

e Reduction of the investment costs
e Considerable reduction of operation costs for the customer

e Acceleration of the planning process

—> The aim is not to replace the civil engineer
but to assist him in finding holistic solutions!
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Strategy of LeOpln

Development of the methodology based on specific application scenarios:

High-pressure pipe system Building

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Application to buildings

allg. Unterricht

Informatik

Werkraum
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Application to power plants
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Characteristics of the application scenarios

High-pressure pipe system Building

e Defined side constraints
and parameters

e Defined physics
e Structural mechanics
e Fluid mechanics
e Heat transmission
e Material degradation

e Well-defined decision variables:

e Line routing

e Pipe thickness
e Hanger location
e Welding joints
e Pipe bendings

e Combination challenging

e Side constraints
and parameters still unclear

e Easy physics:
e Heat transmission
e Lighting
e Fluid mechanics
e Structural mechanics
of minor importance

e Complex, coupled
decision variables:
e Shape of the building
e Room, area, element location
e Choice of product for the fagade
e TGA

e Abstraction challenging

A. Martin -
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Challenges in LeOpln

Scienctific research groups Bilfinger

e Complex, unstructured problem e Reflection of the planning
process
e Hierarchical approach with e |dentification and weighting of
feedback function from lower side constraints, dependencies,
levels influences
e Connection of optimization e Generalization to enable the
methods and physical modelling application of mathematical

optimization methods

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015 20
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physics

building pipes

{ A room allocation B routing }

\ /

C material optlmlzatlon

D opt. whole model

/ \

' [ E model reduction + ______________________ F damage models ]
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Approach for the high-pressure pipe system

B Pipe routing

» General side-
constraints from
geometry, material

Input
and transport

= Possible paths

= Possible hanger
Output  locations

= Location of
welding joints

C Structural
optimization

Results from B
Physical stress
Specific side-
constraints of
the material

Pipe measures
Hanger locations

Local physical
stress

D Efficient high-

level model

Results from C

Side-constraints
from operation

Optimal operation
parameters

Local life spans

F Material
degradation

= Results from D

= Specific material
parameters

* Detailed local
prognosis of
life spans

Physical modelling

’Fptimization
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Approach for the building

A Room location

= Side-constraints
from estate, -
demand for land

Input
and room usage

= Possible room .
Output configurations

C Structural
optimization

Results from A

Side-constraints
from TGA, room
equipmentand
facade

General climatic
side-constraints

Choice of room
equipment, TGA
and facade

D Efficient high-
level model

Results from C
Specific climatic
side-constraints
Distribution-,
lighting- and
shading systems

Choice of systems
Operation of TGA

E Fluid models

Results from
Cand D

Fluid models

Local
temperatures
and flows

Physical modelling

Optimization
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Overview

building pipes

[ A room allocation B routing ]

\ /

C material optlmlzatlon

physics

D opt. whole model

/ \

' ( E model reduction + ______________________ F damage models }
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High Pressure Pipe System
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Challenges in high-pressure pipe systems

e Temperatures above 600 degrees
e Pressures up to 300 bars

e Life span of 20 - 25 years

e Pipe cross sections up to 70 cm

¢ Pipe thicknesses upto 12 - 15 cm

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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The task

Goals:

e Optimal connection of the entry
and exit points for a pipe system
in a power plant

e Minimal cost over the life-cycle

e Minimal amount of
CO»-emissions
e Adherence to the
side-constraints:
e Geometry
e Tensions
e Transport restrictions

A. Martin -
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1. Pipe routing (subproject B)

Goal: Coarse layout of the pipe routing and placement of hangers
under simple physical side-constraints

—> Minimize the life-cycle costs

Objective function: Kioa = K + K¢ + Keo,

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015 31



2. Topology optimization (subproject C)

Goal: Optimal choice of material, pipe thicknesses, hanger positions,
bending radii, etc., to optimize the pipe system
while respecting all relevant side-constraints, e.g. tensions
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e Restrictions with respect to tensions: dimensioning for interior pressures
01, 02, 03, 04, 05 according to DIN EN 13480

e Geometrical restrictions

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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3. Models for material degradation (subproject F)

Goal: Development of a physically improved modelling of nonlinear effects
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physics

building pipes

{ A room allocation B routing }

\ /

C material optlmlzatlon

D opt. whole model
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e Given a rough outline of a power plant
e Route a pipe through the plant considering physical constraints

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Physical dimensions

e Power plant: 50m x 75m x 100 m

e Pipe length: =~ 450 m per section

e Pipe diameter: 770 mm, wall thickness: 63 mm
e Working conditions: 631 °C, 300 bar

A. Martin - Life Cycle Optimization for Civil Engineering

October 9, 2015
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Problem’s ingredients

Combinatorics: Path/Steiner tree

Nonlinearities: Mechanics
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Basic problem statement

min cpipe(x) + Changers(ys u(x,y))

s. 1. Steiner tree(x)
pipe physics(x, y, u(x, y))
hangers(x, y,u(x,y))
industrial standards(x, y, u(x,y))

e x Pipe variables
e y Hanger variables
e u Displacement variables (depend on x and y)

A. Martin - Life Cycle Optimization for Civil Engineering

October 9, 2015
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Cost function

Overall costs are given by
Kges = K1 + Kg + Kco,.
With investment costs
K1 = KRohr + Kgiegung + Kiso + KHanger,

operation costs
Kg = K(AH) + K(AQ)

and CO» costs

Kco, = Kco,,an + Keo,,ag + Keo,,stanl + Keoy,iso

Kges = c1 - length(x) + cg - bendings(x) + changers(hangers(y), displacement(u))

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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More than one inlet/outlet — Steiner tree

Definition: Steiner tree problem

Given graph G = (V, E) with vertices V, edges E with weights c: E — R* and a

set of terminal nodes T C V.
Find the cheapest tree S that includes all nodes in T.

e Huge catalogue of Steiner tree models available
e Usually few terminals in our application = Use a flow formulation
e Computational study shows advantage over other models

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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More than one inlet/outlet — Steiner tree

Choose arbitrary r € T as root.

Constraints: Steiner tree(x)

min > ceXe
eckt
1 fallsv =r

s.t. VteT\{r}vweV: > ff— > ff=<0 fallsv£rAv#t

aedt(v)  act™(v) 1 fallsv=t
Vtie TVaeA: i < sq
Ve € E: Sa; T Sap = Xe
VteTVaeA: >0
Va e A : Xes5a€{051}
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Extended graph for bending costs
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Extended graph for bending costs

e Models bending costs for paths
e Gives lower bound for Steiner trees

A. Martin - Life Cycle Optimization for Civil Engineering
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Modeling the physics

e Fixed and free nodes
e Potential elements between nodes
e Elements follow laws of linear elasticity

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015

41



NATURWISSENSCHAFTLICHE

Linear Timoshenko beam

e Axial dimension is dominating length scale
e Cross-sections may rotate independently of the beam axis

y
,
g
L
(p2l£2 X
v
6,
W,

e Variables for the displacement of the center line (u, v, w)
e Variables for the rotation of the cross-section (¢, 0,1)

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Linear 3D Timoshenko beam equations

EAU" + ¢, =0 EA: extensional stiffness
kGA(V'—0')+qy, =0 kGA: shear stiffness with factor
kGA(W" +V')+q,=0 GI;: torsional stiffness
GLe”"+m,=0 EI: bending stiffness

ELY" —kGA(W' + 1) +my, =0
EL,0” + kGA(V' —0)+m, =0

e Analytical solutions to homogeneous Timoshenko equations as ansatz
functions give rise to proper stiffness matrices (Luo, 2008)

e Global stiffness matrix: K(x) = > ", T'KiTix

Constraints: pipe physics(x, y,u(x,y))

For hot an cold scenario:

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015



How to model the hangers?

Source: G. Wossog, Handbuch Rohrleitungsbau, p 594

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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e Modeled as variable forces in opposite direction of gravity
X

e Variables: binary y; and continuous hy

Constraints: hangers(

CtixYj + Cvarhy < Cj

44

October 9, 2015
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Industrial standards (DIN EN 13480)

e Restrictions on the maximal supporting forces at fixed nodes
e Pipe must fulfill constraints based on moments

e Several constraints involve the difference of the moments from different
loading scenarios

Constraints: industrial standards(x,y,u(x,y))

R(x)u < r(x
MP = Nh
M¢ = NeuS
Mg = M} — Mg
(Me1)2 + (MBZ)Z + (M23)2 < (Mrr;ax)z |f Xe =
(M&)? + (M)® + (M@3)? < (Mpay)?  if xe = 1

A. Martin -

Life Cycle Optimization for Civil Engineering October 9, 2015
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Solution approaches

MINLP Model

min
S.t.

MILP Model

e Linearize
non-convex terms
&l = xiwy

e Can be done
completely or
adaptive

Cpipe(X) + Changers(Y, u(x, y))
Steiner tree(x)

pipe physics(x, y, u(

hangers(x, y, u(

industrial standards(x, y, u(

MISOCP Model

e Replace industrial
standards with
substitute
constraint

e Problem becomes
convex

X,
X,
Xy

Y
Y
Y

)
)
)

e Decompose in
master- and
subproblem

e Both problems are
convex

A. Martin - Life Cycle Optimization for Civil Engineering
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Linearization methods

Replace non-convex terms x;u; = &; with variable and use additional

constraints.
Relies on ideas by Glover, first used by Stolpe in a structural/topology

optimization context.

ux; < : < UX; :
2M Ev],l AN 1 (L|n)
<

Two basic methods for linearization

e Linearize all terms from the start
e Adaptively linearize and add only needed constraints during optimization

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Adaptive linearization

V afected (X) =1 €V E|le eV: X(nimn) = 1 or X(nyn) = 1}
Eaffected (X) '=1(Ni, Ny) =€ € €1 Ny € Vatected(X) OF Ny € Vattected (%)}

EX€< E»le <ﬁxe .

prodrelax(e) :

Changed constraints

Z KC,eEC,-e — Z JeXe + Z 1nhn

ecé ecé NEVree
Z Kh,e&h,-e — Z (ge + fe) Xe + Z 1nhn
ecé ecé NEV%ee

Also technical standards constraints (linear displacement constraints,
constraints involving moments).

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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MiN Cpipe(X) + Changers (Y, u(x,y))
s.t. Steiner tree(x)

pipe physics(x, y, u(x,

hangers(x, y, u(x,

industrial standards(x, y, u(x,

y), &)
))
y), &)

Algorithm 1: Adaptive linearization for the pipe optimization problem

solve (P)

if (P,) is infeasible then

return infeasible

else

(P1) gives solution (x, u, &)

while L s «— Algorithm 2 is nonempty do
add constraints in Ly to (Py)

solve (P,) for solution (x, u, &)

if (P,) is infeasible then

 return infeasible

return solution (x,u, &)

A. Martin - Life Cycle Optimization for Civil Engineering

October 9, 2015
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Algorithm 2: Check for violated product relaxation constraints
Input: Solution (x,u, &)
Output: List of violated constraints

Vaffected = {Tl cV: X(.n) = 1 or X(n,) = 1}

Eaffected = 1(T4, nj) =e € & : Ny € Vatfected OF n; € Vaftected )
Leuts = 0

foreach e € & jfocteq O

if (x.,ue, &) violates some constraints (Lin) then
| Leuts = Leuts U prodrelax(e)

I'Etu rn Lcuts

Given a solution (x, h,u, &) for the relaxed model (P,). If constraints prodrelax(e)
hold for all elements e € & secteq(x) then a solution (x, h, u) for the original
MINLP model can be reconstructed.

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Adaptive linearization — Example
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Decomposition approach

e General Idea: Benders [1962], Geoffrion [1972]
e Applied for truss problems: Munoz and Stolpe [2011]

Masterproblem Subproblem for fixed x

min Cpipe(x) + Changers(ys u(x,y)) — min Changers(ya u(x,y))
s.t. Steinertree(x) S.t. pipe physics(x, y,u(x,y))
hangers(x, y,u(x,y))
industrial standards(x, y, u(x,y))

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015 52



FRIEDRICH-ALEXANDER

NATURWISSENSCHAFTLICHE

Decomposition algorithm

Setk =0, best=None, $ =0,0 = 0

while [0 — | > ¢ do

Solve Masterproblem for a lower bound ¢ and solution x*.
if Check for infeasibility returns False then

Solve Subproblem with fixed x = x*

i Subproblem(x) was feasible then
Get solution y* with costs vy (includes costs for hangers and pipe).
if y < 0 then

0=vy
best = (x*,y¥)
Add Cost-Cut to Masterproblem

else
~ Add No-Good-Cut to Masterproblem

k=K1

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Vte T\{rivneV:

Y5 — Yj

acst(n) aed—(n) 0 else
Vae A: fz < Sq
Ve € € S(ij) T S(j,i) = Xe

Va e A : fo >0
x,s € {0,1}
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Subproblem(x)

Changers(X) :=  min Cn

NEViree (%)

VANS Vfree( ) Y1h2 +Y2hnun -I—’Ysll +Y4hfn +V5un < Cn+ M (1 _yn)

Ve € £(X) :
Ve € E(X):
Ve € £(x
Ve € &
Ve € &
Ve € E(X
Ve € E(x
Ve € E(x

Ve € E(X) :

A. Martin - Life Cycle Optimization for Civil Engineering

B1 (fne); + B2 (ne)s + B3 (ine)s < of
B (aheﬁo + B2 (lne)3y + B3 (ne)fs <

(%
(%
) :
) :
) :

L G -0

= Z gexe+Zhn

ec&(x neV
Kn(X)up, = Z geXe + Z h,
ecé(x nev
VN € Viee(X) h, < hmaxyn

R(X)u < (%)
R(x)up < r(x)
Ve € E(X) : NeUp e = Up e
Ve € E£(X) : Nelg e = Uc,e

1 (Une)y
B2 (flh,e)5

— P4 (ce)y = (1)
— (55 (ﬁc,e)s — (ﬁe)
[33 (flh,e)s — [36 (flc,e)s = (ﬁ-e)e
ﬁ1 (flh,e)m - [34 (flc,e)m — (ﬁ—e)m
B2 (ilh,e)ﬁ - BS (ilc,e)ﬁ - ( )
B3 (ilh,e)12 - 66 (ilc,e)m — ( )

S 2 =2 =2
(ue)4 =+ (ue)5 =+ (ue)a < (Xg

(=2 . =2 | (=2
October 9, 2015
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Check of infeasibility

Fast check of infeasibility by solving a system of linear equations:

I
Y max {K',h™ 0} 2u—K b
nev

or
> min {K",h™, 0} La— K 'b
nev

holds, then the subproblem is infeasible.

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Cutting planes for the subproblem

Subproblem

min Zne\? CnYn
S.t. Ku=D0b + Znev l.hn
0 < h, <h™y,
ususu

yn €10, 1}

Cutting planes

max\) +
Z (LynhmaXJ 4+ ({Ynh } {B}) )yn_l_

n:yn<0 1 _{B}
max |, (™) — (B 1 o) 1
2y (Lror + D= = ™) e 3 o< el

with v, := K=", and B :=u— K 'b.

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Derivation of the cutting planes

Ku:b—l—Zlnhn

ney

& u=K b+ Z K"l hy

ney

e Use bounds u < u and (2) to get
D) K 'h, <ua—K'b
nev
e Insert h,, = K"y, — s,.:
D K (W™, —s) <a—K b
nev

e Carefully aggregate slack variables and apply mixed integer rounding
procedure.
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Some numerical tables

Name v 1€ |T] MIP (adaptiv) Decomposition

Time (s) Gap (%) Time (s) #cb Gap (%)
cube04 9 32 2 6.3 0 0.27 3 0
temptest 63 434 2 7200 41.7 515.6 2 0
BB-04 123 974 3 7200 27.8 /7200 5074 0.07
BB-04 ff 141 964 3 /7200 — 7200 5367 0.04
big-04 250 2241 4 7200 — 4249.8 10 0
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Examples — Physics matters!
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Examples — Physics matters!
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Examples — Complete optimization
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Examples — Complete optimization
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Examples — Complete optimization
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Examples — Complete optimization

Type Amount?

Investment costs 2.369.084 €
Operating costs  7.671.916 €
CO2 costs 1.500.286 €

Overall costs 11.212.866 €

aAssumptions based on data by Bilfinger

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Examples — Subproblem: Choosing hangers
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Original Pipe System

Type Amount

Examples — Subproblem: Choosing hangers

Optimized Pipe System

Investment costs  4.820.084 €
Operating costs 24.413.594 €
CO2 costs 4.772.725€

Type Amount

Overall costs 34.006.403 €

4.531.156 €
24.413.594 €
4.772.015€

Investment costs
Operating costs
CO2 costs

Overall costs 33.716.765€

A. Martin -
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Examples — Masterproblem: Routing the pipe
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Original Pipe System

Examples — Masterproblem: Routing the pipe

Optimized Pipe System

Type Amount Type Amount
Investment costs  1.504.890<€ Investment costs 1.172.310€
Operating costs  8.510.002 € Operating costs 6.459.276 €
CO» costs 1.662.596 € CO5 costs 1.262.028 €
Overall costs 11.677.488€ Overall costs 8.893.615€
Bendings 9 (528°) Bendings 7 (363°)
Length 154, 9m Length 121,6m

Improvement of 23%

A. Martin -

Life Cycle Optimization for Civil Engineering

October 9, 2015 59



FRIEDRICH-ALEXANDER
UNIVERSITAT
ERLANGEN-NURNBERG

NATURWISSENSCHAFTLICHE
FAKULTAT

physics

building pipes

{ A room allocation B routing }

\ /

C material optlmlzat|on

D opt. whole model

/ \

' [ E model reduction + ______________________ F damage models ]
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Bilfinger piping system (initial)

100 —

80 —

60 —

40

20 —

80
60
40

20 20

40 60 0
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Optimization of piping systems - Overview

Basic concept in subproject C

Input:
e Fixed topology of piping system
e Possible diameters of pipes, hangers/supports and steel grades
e Constraints on stresses and geometry

Output:
e Optimal geometry of piping system
e Optimal steel grade and diameter
e Force and position of hangers/supports

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Optimization scheme (1)

goal: cost minimization

design variables «

>

"black box"
beam model

costs K (a)

model-based optimization
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Optimization scheme (2)

goal: cost minimization :

fixed topology

under mechanical and
geometric admissibility :

specifications and
input data

possible steel grades
hangers

cross-sctions |

design variables «

geometric contraints !

stresses

constraints

- nodal coordinates & linear Timoshenko- [ Bilfinger

- bending radius
- diameter

- steel grade displacements u ()

beam model

- force, travel scale,

position of hangers

{} gradient-based optimization

cost function

costs K(a,u(a))

monetary costs + '

carbon footprint !

A. Martin - Life Cycle Optimization for Civil Engineering
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Design Variables

shape optimization with
problem-specific parametrization
designvariables are
«— coordinates of tee
| coordinates of tangent intersect point
radius of pipe bends

force, travel scale,
position of hangers

\ steel grade
} cross-section (parameterized by
' i ] inner and outer diameter of pipe)
>

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Entire model

Nonlinear optimization problem

min Z investment costs + Z operating costs + Z CO. costs

xeR"

s.t. analysis model K(x)u = ()
admissible piping system (stress constraints,
displacements, connection loads, geometry — boxes,
resist against internal pressure, force of hangers)
geometrical constraints (max,/min angle,
radii, slope constraints)
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Results - academic example
Piping system (initial), costs: 11.352.112 €

90
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Results - academic example

After shape-optimization, costs: 8.266.301 €
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Results - academic example

Geometry-boxes

)

0

MC, [Nm]
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Results - Bilfinger piping system

Bilfinger Piping System (initial), costs 26.557.306 €

100 —

80 —

60 —

40 —

20 —

80

40

20 20
40 60 0
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Results - Bilfinger piping system

Bilfinger Piping System (full optimization), costs 22.064.639 €, 17% benefit

100 —
It
{
x10°
80\ T 8
1
] ! 6
= J
Ql 1 1 TT‘P _
60 —| - =
1 Z
o
>

2
40 — | 1 0

20 — | J)
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0= 40
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physics

building pipes

{ A room allocation B routing }

\ /

C material optlmlzatlon

D opt. whole model

/ \

' [ E model reduction + ______________________ F damage models }
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Overview sub project F

Simulation toolbox

e Linear and non-linear beam models:

e straight / pre-twisted elements

e simulation of arbitrary networks (dynamic / quasi-static / static)
e Different types of hangers (linear and non-linear):

e spring hangers (modelled as truss)

e rigid hangers (as stiff beams)

e constant hangers (as dead load or special follower load)
e Different material laws:

e linear visco-thermo-elasticity (Kelvin-Voigt damping)
e plasticity (with linear hardening)
e creep, creep damage

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Modeling of a Pipe

Pipes are thin three-dimensional objects.

=- Reduction of the full 3D description seems reasonable

This is achieved in two steps:
e Assumptions on how the object can deform: constrained motion

() = u(x1) A -1 (%)
= displacement of centerline + rotation of cross sections

e Insertion into 3D continuum equations and averaging over cross sections

=- Description of pipes by just one spatial variable: beam theory!

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Two Beam Models

e Linear approximation Av =~ v + ¢ x v and linear continuum equations
e A € SO(3) and non-linear continuum equations

linear Timoshenko beam (u, ¢) geometrically exact beam (u, A)
poAﬁ—N/:NeXt poAl'l—(/\N)’:NeXt
poJp — M’ —E; x N = M* pol(J, A)—(AM)'—(u'+E¢) x (AN) = M*
N =Ge"=G(u' — ¢ x Ey) N = GiI'= GAT(W — (A-T)E4)
M = Cuk' = Cud’ M = GuY = Gy vec(A'A' — AGAY)

Matrices containing material and geometrical parameters

EA 0 O GL, 0 0 I, 0 0
=0 6GA, 0], cu=l0EL 0|, J=[01 0
0 0 GA;s 0 0 El 00 I

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015 73



NATURWISSENSCHAFTLICHE

Dynamics with nonlinear spring and constant hanger
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Buckling of a pipe under thermal load
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Quasi-static loading (gravity and heat) real piping
system
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Quasi-static loading (gravity and heat) real piping
system
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Dynamic setting with plasticity
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Dynamic setting with plasticity
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Estimation of life cycle

e Multi-faceted problem:

e Material history (plasticity, creep)
e Material degradation (corrosion, erosion)
e Material failure (crack initiation, fracture)

e Huge diversity of approaches and models available
e Occurring effects depend strongly on type of material and loads

Triple material, process and environment substantial

= for the choice of describing model

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Creep Stages

' F=const, T = const o <oy, 03T, <T<0.5T,  fracture
c=onxn, c=F/A

/—-\
N
g
8+
=
W
IT
I minimum creep rate
instantaneous elastic strain &% 5
time (1)
(Figure: Modeling of High-Temperature Creep for Structural Analysis Applications,
Konstantin Naumenko, 2006)
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Creep Model

Implemented model reproduces the three relevant creep stages.

e Simple Bailey-Norton model (power creep law) describes second creep stage

e Third stage of accelerated creep until rupture is modeled by introducing a
damage variable

e For the fist stage (of decelerating creep) hardening terms are added

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Creep Model

Evolution equations for creep strain have to be coupled to beam equations

: Fel

Zcr =d cr
[Fell

. Ecr HFdH "
e = A1+ Coxp (2] (1 el

. (J|Fet]|)™

=B
@ (1 —w)ms

Material parameters

e Stage I: C, k
e Stage Il: A and d, m4
e Stage Ill: B and my, ms
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81



Creep Damage — Tension Test (qualitative validation)
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Creep Damage — Real System
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Creep Damage — Real System (detail analysis)

S
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Creep Damage — Real System (detail analysis)
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Creep Damage — Real System (detail analysis)
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Challenges in planning building

Raumprogramm
Art Anza jeweils gm
hi

Allg. Unterrichtsraum fiir GS 08 66
Allg. Unterrichtsraum fiir HS (Regelklassen und 08 66
spezielle Regeklassen)

Allg. Unterrichtsraum E-Zug 02 66
Gruppenraum 05 42
Mehrzweckraum 01 89
Lehrmittelraum insg. 50
PCB-Saal 01 70
Vorbereitung Physik/Chemie 02 17
Musiksaal 01 70
Zeichensaal 01 70
Nebenraum Zeichensaal 01 20
Werkraum o1 €6
Werkraum 01 75
Nebenraum Werken 01 20
Maschinenraum (bislang nicht vorhanden) 01 33
Textilarbeitsraum 01 60
Textilarbeitsraum 01 60

Aufriss

T

Funktionsschema

A. Martin
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Side-constraints in the planning of buildings

e Estate with building line, height restrictions, etc.

e Specific side-constraints for different kinds of room utilization

e Escape routes

e Environmental factors (e.g. outside temperatures, solar imissions)
e Technical dependencies

e Costs (material costs, operating costs, CO»-emisions)

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015

88



FRIEDRICH-ALEXANDER
UNIVERSITAT
ERLANGEN-NURNBERG

NATURWISSENSCHAFTLICHE
FAKULTAT

Selection of the material

e Limited choice of materials and technical facilities
e Average values for material parameters and production costs

' MATERIALKENNWERTE HERSTELLUNG ISNEIS;T.INN% | mﬁﬁéﬁﬂgﬁ
AUSSEMWARMD-Materialien PP 1 i
ST = = z ]
T Dicks fzhighsit Rohdichtz o w"'r..h"*—‘“. E.r'f"‘“‘ He'ﬁz'g"ﬂs’ - siz Lsbensdsuer | Wartung +
Tragende Schicht A T AERE L JEE L LEl Inspekction
[em] [uiimK] [E/m™] [kg/m?] [a] | [Eim?a]
Stahibeton variabel 23 2185 250 £0D Eim* 203 kgi* 5 0.10%
0
Forenbetonsteine 0.18 400 1000 AL 28 £ LU le”
6.5 74,38 70,08 =0 0,10%
T 575 43,5575 = 0,10%
Kalkeandstein — 0.79 1300 880 .2 S ol oAk
0 73,4 74,67 = 0,10%
5.5 873 50,8485 50 0,10%
24 7,88 22 3778 50 0.10%
Hochlozhzizgs] En) 0.1 740 1000 89,85 27 572 50 0.10%
6.5 76,07 14,0326 = 0,10%
' 5] 933 381 ) 0,10%
Warmedammaziegel (mit Perlit gefiillt) 0,08 B0G 1000

| IEXL 108,14 48,355 50 0.10%
| 7.5 £28 43 5575 ) 0,10%
Hiittenstein (Herstellungskostan und 24 D8 1800 1000 603 5976 5D 0.10%
C0=-Emissionan angenommen wie K5) a0 c T3.4 74,87 et 0,10%
6.5 873 50,8485 50 0,10%
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Energy Balance

— Calculation based on DIN EN 18599

® Demand for heating:
Qnb,i = Qsink — M - Qsource — AQcp

® Demand for cooling:
Qcvi = (1 —1) - Qsource

e Consideration of the demand in
heating/cooling for inlet air recycling

e Consideration of losses in heating/cooling
energy at generation, distribution, delivery

® Consideration of the demand in electrical
energy of the facilities

Calculation methods of DIN EN 18599 very complex with many case distinctions

— Simplifications necessary!

® Restriction to specific types of facilities,

e.g. only variable-volume-flow-systems for

the air transport selectable

e Subdivision of the building into zones with
different utilization requirements

Sollinnen-

Nutzungsart Zone
temperatur
Einzelbiiro 21°C 1
Biiro (2-6 Arbeitsplatze) 21°C 2
Besprechungszimmer 21°C 3
Flur/ Teekiiche /Archiv 16 4
wcC 21°C 5]
Treppenhaus unbeheizt 6

duct system

® Generalizations, e.g. no special
calculation of the pressure losses of the

A. Martin - Life Cycle Optimization for Civil Engineering
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Minimization of costs and CO»-emissions

= Room alignment and orientation = Materials and energy system

Transmission and air infiltration heat loss

ey + 900 Soler

imisions

?
Window area | »
and — |
orientation
ﬁ “ Heating and cooling
energy /facilities

L 3 ¥ " Il ¥ " 3 ¥
Internal heat
produ&tmnf Tty X

“i

Wall structure
and materials
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Room alignment

Building equipment

= QOptimization of the room alignment

= Simplified calculation of energy demands

= General cost assumptions based on experience
f Material parameters

= QOptimal choice of the material

Optimization

= QOptimization of the technical building equipment
(Heating, cooling, air infiltration, lighting)

* Detailed calculation of energy demands
* Detailed calculation of investment and operating cost
--------------------------------------------- ' Inside temperature
= Model reduction
= Statement of an integrated model

by coupling the individual simulations

' Simulation results

=  Simulation of air circulation and heat transmission inside
individual rooms

Simulation

g
©
=
@
=
[
a
=
=
O

A. Martin -
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[ A room allocation B routing

\ /’

C material ﬂptlmlzatlﬂn

physics

[] opt. whole model |
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r [ E model reduction '+ ... ... ________ F damage models

- -

b

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015



Agenda for Room Allocation

e Problem definition

e Modeling as a MIP
e Description of the feasible set
e Description of the objective function
e Difficulties in solving the MIP

e Alternative Procedure

e Combination of a deterministic and random based approach
e Random based local search

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Problem Description

Given:

e Property specifications
e Space allocation plan
e Accounting model

Minimize:

e infrastructural costs
e operational costs
e energy costs

aaaaaaaaa

A. Martin - Life Cycle Optimization for Civil Engineering
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Problem Description

Given:

e Property specifications
e Space allocation plan
e Accounting model

Minimize:

e infrastructural costs
e operational costs
e energy costs

along complete life cycle !

aaaaaaaaa

omn

oA
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Mathematical modeling of the problem
Description of the solution space

e Reducing the problem to grid graphs

I
>4 24
24 24

unbeheizter Raum

A. Martin -
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Mathematical modeling of the problem
Description of the solution space

e Constraints
e Property specifications
e Space allocation plan

e Further constraints

e static requirements
e windows
e stair cases and evaluators

e guidelines for escape routes

—> Modeling with continuous and integer variables

A. Martin - Life Cycle Optimization for Civil Engineering
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Mathematical modeling of the problem
Obijective function

Accounting model:

e heat transmission

e radiant heat

e air conditioning

e radiation of opaque components
e internal heat sources

= Determining heat, cooling and air conditioning demand

A. Martin - Life Cycle Optimization for Civil Engineering
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Mathematical modeling of the problem
Obijective function

Procedure to determine the objective function values
e investment costs
e operation and energy costs

Bestimmung der

Baukosten fir [*
Gesamtkosten von [*:

7 ™~
Baukosten

[* € Losungsraum N

N

Bilanzierungsmodell liefert
Heiz-, Kiihl- und —>
Liiftungsbedarf fiir [*

Betriebs- & Energiekosten

Bestimmung der Betriebs-
& Energiekosten anhand
des Heiz-, Kiihl-
und Liiftungsbedarfs
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Optimization of the planning of buildings

Objective function:
K’[otal — Kinvestmen’[ + Koperation

Investment cost function:

K = KinsideT(V, mat, CO2) + KoutsideT(V, mat, CO2) + Kiyndament(V, mat, CO2) +
Kwindows (A, mat, CO2) + Keeiing(V, mat, CO2) + Koot (V, mat, COz) +
KroorCovering(As mat, COZ) + Kheating(typea power, COZ) +

Keooling (type, power, CO2) + Kairniitration (type, power, CO») +

Klighting(types power, CO2) + Kelevator (type, TMstoreys, Mat, COy) +

Kstairs (Tstoreys, Mat, CO2) + Kriser(Mstoreys, mat, CO»)

Operating cost function:
KO — KenergyConsumption(EV) + Kcleaning(R) -+ Kmaintance+inspec’[ion(Wl)

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015 100
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Solving the mathematical model
Difficulties showing up

The whole model results in an MIP (MIXED INTEGER PROGRAM)

min c¢'x
Ax <Db
x € 7P x R"VP

mitce R, Ac R™ ™M be R pe{0,1,...,n}
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Solving the mathematical model
Difficulties showing up

The whole model results in an MIP (MIXED INTEGER PROGRAM)

min c¢'x
Ax <Db
x € 7P x R"VP

mitce R, Ac R™ ™M be R pe{0,1,...,n}

—> MIPs are inappropriate for floor planning problems (2D bin packing)
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Solving the mathematical model
Difficulties showing up

The whole model results in an MIP (MIXED INTEGER PROGRAM)

min c¢'x
Ax <Db
x € 7P x R"VP

mitce R, Ac R™ ™M be R pe{0,1,...,n}

—> MIPs are inappropriate for floor planning problems (2D bin packing)

Alternative Procedure: Combination of deterministic and random approach

A. Martin - Life Cycle Optimization for Civil Engineering October 9, 2015
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Alternative Procedure

Combination of deterministic and random approach

e Deterministic: shape of the building, fixed corridore/escape route and

positions of elevators and stare cases

Quadrat oder Rechteck

L-Form

U-Form

O-Form

T-Form

+Form

e randomized: room allocation
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NATURWISSENSCHAFTLICHE

Alternative Procedure
Combination of deterministic and random approach

e Deterministic: shape of the building, fixed corridore/escape route and

e randomized: room allocation by simulated annealing

positions of elevators and stare cases

Quadrat oder Rechteck

L-Form

U-Form

O-Form

T-Form

+Form
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Alternative Procedure
Combination of deterministic and random approach

e Deterministic: shape of the building, fixed corridore/escape route and

e randomized: room allocation by simulated annealing @

positions of elevators and stare cases

Quadrat oder Rechteck

L-Form

U-Form

O-Form

T-Form

+Form
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NATURWISSENSCHAFTLICHE

Alternative Procedure
Solutions generated by Simulated Annealing

Example with quadratic shape of the floor plan:

Cr | LA
— O

costs: 177.305 € costs: 161.970 €
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NATURWISSENSCHAFTLICHE

Alternative Procedure
Solutions generated by Simulated Annealing

Example with quadratic shape of the floor plan:

Kosten: 161.970 € — Kosten: 161.055 €
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NATURWISSENSCHAFTLICHE

Alternative Procedure
Solutions generated by Simulated Ann