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Importance of the planning phase
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Complexity of the planning process

• Many degrees of freedom:
• Geometry
• Dimensions
• Materials
• ...

• Big leverage of the decisions

• Many side constraints and dependencies

• Current trends to extend the scope of planning:
• Sustainability
• Life cycle
• ...
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Challenges in the planning phase

Tasks

• Transformation of requirements
into concrete planning results

• Optimization of
• Design
• Functionality
• Equipment
• Costs
• Appointments

over the life cycle

• Setting the course for optimal
construction and operation

Difficulties

• Many specialized planners with
different know-how and focus

• High complexity:
• Limited amount of

investigated variants
• Successive decision-making
• Missing feedback loops
• Optimization of subtasks

• Limited time

• Changing side constraints

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 10



Optimization problem
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Mathematical solution approach: LeOpIn

• LeOpIn = Life-cycle oriented Optimization for a
resource- and energy-efficient Infrastructure

• Supported under BMBF-program
”Mathematics for innovations in industry and services“

• Cooperation between

• Friedrich-Alexander-Universität Erlangen-Nürnberg,
Department of Mathematics

• Bilfinger SE
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Cooperation between Bilfinger and FAU
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Goals and Vision of LeOpIn

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

• Explain fundamental dependencies and interconnections

• Extension of traditional solution approaches

• Methods for holistic optimization
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Goals and Vision of LeOpIn

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

• Holistic judgement of planning decisions

• Simple evidence for the impact of changes in the plan

• Integrated optimization of planning objects over the life cycle
• Reduction of the investment costs
• Considerable reduction of operation costs for the customer

• 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 LeOpIn

Development of the methodology based on specific application scenarios:

High-pressure pipe system Building
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Application to buildings
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Application to power plants
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Characteristics of the application scenarios

High-pressure pipe system

• Defined side constraints
and parameters
• Defined physics
• Structural mechanics
• Fluid mechanics
• Heat transmission
• Material degradation

• Well-defined decision variables:
• Line routing
• Pipe thickness
• Hanger location
• Welding joints
• Pipe bendings
• ...

• Combination challenging

Building

• Side constraints
and parameters still unclear
• Easy physics:
• Heat transmission
• Lighting
• Fluid mechanics
• Structural mechanics

of minor importance
• Complex, coupled

decision variables:
• Shape of the building
• Room, area, element location
• Choice of product for the façade
• TGA
• ...

• Abstraction challenging
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Challenges in LeOpIn

Scienctific research groups

• Complex, unstructured problem

• Hierarchical approach with
feedback function from lower
levels

• Connection of optimization
methods and physical modelling

Bilfinger

• Reflection of the planning
process

• Identification and weighting of
side constraints, dependencies,
influences

• Generalization to enable the
application of mathematical
optimization methods
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building pipes

A room allocation B routing

C material optimization

D opt. whole model

E model reduction F damage models

physics
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Approach for the high-pressure pipe system
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Approach for the building
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Overview

building pipes

A room allocation B routing

C material optimization

D opt. whole model

E model reduction F damage models

physics
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High Pressure Pipe System
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High Pressure Pipe System
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High Pressure Pipe System

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 28



Challenges in high-pressure pipe systems
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• Temperatures above 600 degrees
• Pressures up to 300 bars
• Life span of 20 - 25 years
• Pipe cross sections up to 70 cm
• Pipe thicknesses up to 12 - 15 cm



The task

Goals:
• Optimal connection of the entry

and exit points for a pipe system
in a power plant
• Minimal cost over the life-cycle
• Minimal amount of

CO2-emissions
• Adherence to the

side-constraints:
• Geometry
• Tensions
• Transport restrictions
• ...
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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: Ktotal = KI + KC + KCO2
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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

• Restrictions with respect to tensions: dimensioning for interior pressures
σ1,σ2,σ3,σ4,σ5 according to DIN EN 13480
• Geometrical restrictions
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3. Models for material degradation (subproject F)

Goal: Development of a physically improved modelling of nonlinear effects
and the material degradation of pipe systems
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Problem

• Given a rough outline of a power plant
• Route a pipe through the plant considering physical constraints
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Physical dimensions

• Power plant: 50m× 75m× 100m
• Pipe length: ≈ 450m per section
• Pipe diameter: 770mm, wall thickness: 63mm
• Working conditions: 631 ◦C, 300 bar
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Problem’s ingredients

Combinatorics: Path/Steiner tree Nonlinearities: Mechanics
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Basic problem statement

min cpipe(x) + changers(y, u(x,y))
s. t. Steiner tree(x)

pipe physics(x, y, u(x,y))
hangers(x, y, u(x,y))

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

Variables

• x Pipe variables
• y Hanger variables
• u Displacement variables (depend on x and y)
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Cost function

Overall costs are given by

Kges = KI + KB + KCO2.

With investment costs

KI = KRohr + KBiegung + KIso + KHänger,

operation costs
KB = K(∆H) + K(∆Q)

and CO2 costs

KCO2 = KCO2,∆H + KCO2,∆Q + KCO2,Stahl + KCO2,Iso

Kges = cL · length(x) + cB · bendings(x) + changers(hangers(y), displacement(u))
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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 ⊆ V.
Find the cheapest tree S that includes all nodes in T .

• Huge catalogue of Steiner tree models available
• Usually few terminals in our application⇒ Use a flow formulation
• Computational study shows advantage over other models
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More than one inlet/outlet – Steiner tree

Choose arbitrary r ∈ T as root.

Constraints: Steiner tree(x)

min
∑
e∈E
cexe

s. t. ∀t ∈ T \ {r} ∀v ∈ V :
∑

a∈δ+(v)
fta −

∑
a∈δ−(v)

fta =


1 falls v = r
0 falls v 6= r∧ v 6= t
−1 falls v = t

∀t ∈ T ∀a ∈ A : fta 6 sa
∀e ∈ E : sa1 + sa2 = xe

∀t ∈ T ∀a ∈ A : fta > 0
∀a ∈ A : xe, sa ∈ {0, 1}
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Extended graph for bending costs
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Extended graph for bending costs

• Models bending costs for paths
• Gives lower bound for Steiner trees
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Modeling the physics
Groundstructure approach

• Fixed and free nodes
• Potential elements between nodes
• Elements follow laws of linear elasticity
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Linear Timoshenko beam

Assumptions

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

Lineare Timoshenko-Theorie Gleichungen

Grundgleichungen Timoshenko

Im Gegensatz zur Euler-Bernoulli Theo-

rie: Balkenquerschnitte bleiben nicht

länger senkrecht auf der Mittellinie

Annahme: Achsen entsprechen Hauptbie-

geachsen

EAu00 + qx = 0 (⇢Aü)

kGA(v 00 � ✓0) + qy = 0 (⇢Av̈)

kGA(w 00 +  0) + qz = 0 (⇢Aẅ)

GIt'
00 + mx = 0 (⇢It'̈)

EIz 
00 � kGA(w 0 +  ) + my = 0 (⇢Iz  ̈)

EIy✓
00 + kGA(v 0 � ✓) + mz = 0 (⇢Iy ✓̈)

Strohmeyer, Kufner (FAU) Modellierung von Rohrleitungen 8.12.2010 8 / 19

• Variables for the displacement of the center line (u, v,w)
• Variables for the rotation of the cross-section (ϕ, θ,ψ)
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Linear 3D Timoshenko beam equations

EAu ′′ + qx = 0
kGA(v ′′ − θ ′) + qy = 0
kGA(w ′′ +ψ ′) + qz = 0

GItϕ
′′ +mx = 0

EIzψ
′′ − kGA(w ′ +ψ) +my = 0

EIyθ
′′ + kGA(v ′ − θ) +mz = 0

EA: extensional stiffness
kGA: shear stiffness with factor
GIt: torsional stiffness
EI: bending stiffness

• Analytical solutions to homogeneous Timoshenko equations as ansatz
functions give rise to proper stiffness matrices (Luo, 2008)
• Global stiffness matrix: K(x) =

∑n
i=1 T

T
i KiTixi

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

For hot an cold scenario:

K(x)u =
∑
e∈E

gixi +
∑
n∈Vfree

ljhj

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 43



How to model the hangers?

Source: G. Wossog, Handbuch Rohrleitungsbau, p 594
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• Modeled as variable forces in opposite direction of gravity
• Variables: binary yj and continuous hj

Constraints: hangers(x,y, u(x,y))

hj 6 hmaxyj

yj 6
∑
j∈i
xi

cfixyj + cvarhj 6 cj uj(x,y)TChj + cuuj(x,y) + chhj 6 cj
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Industrial standards (DIN EN 13480)

• Restrictions on the maximal supporting forces at fixed nodes
• Pipe must fulfill constraints based on moments
• Several constraints involve the difference of the moments from different

loading scenarios

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

R(x)u 6 r(x)

Mh
e = N̂

huhe
Mc
e = N̂

cuce
MD
e =Mh

e −M
c
e

(Mh
e1)

2 + (Mh
e2)

2 + (Mh
e3)

2 6 (Mh
max)

2 if xe = 1
(MD

e1)
2 + (MD

e2)
2 + (MD

e3)
2 6 (MD

max)
2 if xe = 1

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 45



Solution approaches

MINLP Model

min cpipe(x) + changers(y, u(x,y))
s. t. Steiner tree(x)

pipe physics(x, y, u(x,y))
hangers(x, y, u(x,y))

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

MILP Model

• Linearize
non-convex terms
ξil = xiul
• Can be done

completely or
adaptive

MISOCP Model

• Replace industrial
standards with
substitute
constraint
• Problem becomes

convex

Decomposition

• Decompose in
master- and
subproblem
• Both problems are

convex

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 46



Linearization methods

Idea

Replace non-convex terms xiul = ξil with variable and use additional
constraints.
Relies on ideas by Glover, first used by Stolpe in a structural/topology
optimization context.

uxi 6 ξli 6 uxi
u(1 − xi) 6 ul − ξli 6 u(1 − xi)

(Lin)

Two basic methods for linearization

• Linearize all terms from the start
• Adaptively linearize and add only needed constraints during optimization
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Adaptive linearization

Definition

Vaffected(x) :=
{
ni ∈ V : ∃nj ∈ V : x(ni,nj) = 1 or x(nj,ni) = 1

}
Eaffected(x) := {(ni,nj) = e ∈ E : ni ∈ Vaffected(x) or nj ∈ Vaffected(x)}

prodrelax(e) :=
{

uxe 6 ξle 6 uxe
u(1 − xe) 6 ul − ξle 6 u(1 − xe)

: l ∈ I (e)
}

Changed constraints∑
e∈E

Kc,eξc,·e =
∑
e∈E

gexe +
∑
n∈Vfree

lnhn∑
e∈E

Kh,eξh,·e =
∑
e∈E

(ge + fe) xe +
∑
n∈Vfree

lnhn

Also technical standards constraints (linear displacement constraints,
constraints involving moments).
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min cpipe(x) + changers(y, u(x,y))
s. t. Steiner tree(x)

pipe physics(x, y, u(x,y), ξ)
hangers(x, y, u(x,y))

industrial standards(x, y, u(x,y), ξ)

(Pl)

Algorithm 1: Adaptive linearization for the pipe optimization problem
solve (Pl)
if (Pl) is infeasible then

return infeasible
else

(Pl) gives solution (x, u, ξ)
while Lcuts ←− Algorithm 2 is nonempty do

add constraints in Lcuts to (Pl)
solve (Pl) for solution (x, u, ξ)
if (Pl) is infeasible then

return infeasible

return solution (x, u, ξ)

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 49



Algorithm 2: Check for violated product relaxation constraints
Input: Solution (x, u, ξ)
Output: List of violated constraints

Vaffected = {n ∈ V : x(·,n) = 1 or x(n,·) = 1}
Eaffected = {(ni,nj) = e ∈ E : ni ∈ Vaffected or nj ∈ Vaffected}

Lcuts = ∅
foreach e ∈ Eaffected do

if (xe, ue, ξe) violates some constraints (Lin) then
Lcuts = Lcuts ∪ prodrelax(e)

return Lcuts

Obervation

Given a solution (x,h, ũ, ξ) for the relaxed model (Pl). If constraints prodrelax(e)
hold for all elements e ∈ Eaffected(x) then a solution (x,h, u) for the original
MINLP model can be reconstructed.
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Adaptive linearization – Example
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Adaptive linearization – Example
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Decomposition approach

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

Masterproblem

min cpipe(x) + changers(y, u(x,y))
s. t. Steinertree(x)

⇐⇒

Subproblem for fixed x̂

min changers(y, u(x̂,y))
s. t. pipe physics(x̂, y, u(x̂,y))

hangers(x̂, y, u(x̂,y))
industrial standards(x̂, y, u(x̂,y))
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Decomposition algorithm

Set k = 0, best = None, φ = 0, θ =∞
while |θ− φ| > ε do

Solve Masterproblem for a lower bound φ and solution xk.
if Check for infeasibility returns False then

Solve Subproblem with fixed x̂ = xk

if Subproblem(x̂) was feasible then
Get solution yk with costs γ (includes costs for hangers and pipe).
if γ < θ then
θ = γ

best = (xk,yk)
Add Cost-Cut to Masterproblem

else
Add No-Good-Cut to Masterproblem

k = k+ 1
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Masterproblem

min κ∑
a∈A

casa 6 κ

∀j ∈ Fk :
∑
i:x̂ji=0

xi +
∑
i:x̂ji=1

(1 − xi) > 1

∀j ∈ Ok : γ̃j − γ̃j

∑
i:x̂ji=0

xi +
∑
i:x̂ji=1

(1 − xi)

 6 κ

∀t ∈ T \ {r}∀n ∈ V :
∑

a∈δ+(n)
fta −

∑
a∈δ−(n)

fta =


1 if n = r

−1 if n = t

0 else
∀a ∈ A : fta 6 sa

∀e ∈ E : s(i,j) + s(j,i) = xe
∀a ∈ A : fa > 0

x, s ∈ {0, 1}
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Subproblem(x̂)

changers(x̂) := min
∑

n∈Vfree(x̂)

cn

∀V ∈ Vfree(x̂) : γ1h
2
n + γ2hnun + γ3u2

n + γ4hn + γ5un 6 cn +M (1 − yn)

Kc(x̂)uc =
∑
e∈E(x̂)

ĝex̂e +
∑
n∈V

h̃n

Kh(x̂)uh =
∑
e∈E(x̂)

gex̂e +
∑
n∈V

h̃n

∀n ∈ Vfree(x̂) hn 6 hmaxyn

R(x̂)uc 6 r(x̂)
R(x̂)uh 6 r(x̂)

∀e ∈ E(x̂) : Neuh,e = u̇h,e

∀e ∈ E(x̂) : Neuc,e = u̇c,e
∀e ∈ E(x̂) : β1 (u̇h,e)

2
4 + β2 (u̇h,e)

2
5 + β3 (u̇h,e)

2
6 6 α2

1

∀e ∈ E(x̂) : β1 (u̇h,e)
2
10 + β2 (u̇h,e)

2
11 + β3 (u̇h,e)

2
12 6 α2

1

∀e ∈ E(x̂) : β1 (u̇h,e)4 − β4 (u̇c,e)4 = (ūe)4

∀e ∈ E(x̂) : β2 (u̇h,e)5 − β5 (u̇c,e)5 = (ūe)5

∀e ∈ E(x̂) : β3 (u̇h,e)6 − β6 (u̇c,e)6 = (ūe)6

∀e ∈ E(x̂) : β1 (u̇h,e)10 − β4 (u̇c,e)10 = (ūe)10

∀e ∈ E(x̂) : β2 (u̇h,e)11 − β5 (u̇c,e)11 = (ūe)11

∀e ∈ E(x̂) : β3 (u̇h,e)12 − β6 (u̇c,e)12 = (ūe)12

∀e ∈ E(x̂) : (ūe)
2
4 + (ūe)

2
5 + (ūe)

2
6 6 α2

2

∀e ∈ E(x̂) : (ūe)
2
10 + (ūe)

2
11 + (ūe)

2
12 6 α2
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Check of infeasibility

Idea

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

K(x̂)u = b+
∑
n∈V

lnhn

⇔ u = K−1b+
∑
n∈V

K−1lnhn

Simple test whether u 6 u 6 u is attainable

If ∑
n∈V

max
{
K−1lnh

max, 0
}
� u − K−1b

or ∑
n∈V

min
{
K−1lnh

max, 0
}

 u − K−1b

holds, then the subproblem is infeasible.
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Cutting planes for the subproblem
Subproblem

min
∑

n∈V cnyn
s. t. Ku = b+

∑
n∈V lnhn

0 6 hn 6 hmaxyn
u 6 u 6 u
yn ∈ {0, 1}

Cutting planes

∑
n:γn<0

(
bγnhmaxc+ ({γnh

max}− {β})+

1 − {β}

)
yn+

∑
n:γn>0

(
bγnhmaxc+ ({γnh

max}− {β})+

1 − {β}
−

1
1 − {β}

γnh
max
)
yn +

∑
n:γn>0

1
1 − {β}

γnhn 6 bβc

with γn := K−1ln and β := u − K−1b.
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Derivation of the cutting planes

Ku = b+
∑
n∈V

lnhn (1)

⇔ u = K−1b+
∑
n∈V

K−1lnhn (2)

• Use bounds u 6 u and (2) to get∑
n∈V

K−1lnhn 6 u − K−1b (3)

• Insert hn = hmaxyn − sn:∑
n∈V

K−1ln (h
maxyn − sn) 6 u − K−1b (4)

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

Name |V| |E| |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 – Complete optimization
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Examples – Complete optimization
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Examples – Complete optimization

Type Amounta

Investment costs 2.369.084e
Operating costs 7.671.916e
CO2 costs 1.500.286e
Overall costs 11.212.866e

aAssumptions based on data by Bilfinger
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Examples – Subproblem: Choosing hangers
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Examples – Subproblem: Choosing hangers

Original Pipe System

Type Amount
Investment costs 4.820.084e
Operating costs 24.413.594e
CO2 costs 4.772.725e
Overall costs 34.006.403e

Optimized Pipe System

Type Amount
Investment costs 4.531.156e
Operating costs 24.413.594e
CO2 costs 4.772.015e
Overall costs 33.716.765e
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Examples – Masterproblem: Routing the pipe
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Examples – Masterproblem: Routing the pipe

Original Pipe System

Type Amount
Investment costs 1.504.890e
Operating costs 8.510.002e
CO2 costs 1.662.596e
Overall costs 11.677.488e

Bendings 9 (528◦)
Length 154, 9m

Optimized Pipe System

Type Amount
Investment costs 1.172.310e
Operating costs 6.459.276e
CO2 costs 1.262.028e
Overall costs 8.893.615e

Bendings 7 (363◦)
Length 121, 6m

Improvement of 23%
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building pipes

A room allocation B routing

C material optimization

D opt. whole model

E model reduction F damage models

physics
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Bilfinger piping system (initial)
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Optimization of piping systems - Overview

Basic concept in subproject C

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

Output:
• Optimal geometry of piping system
• Optimal steel grade and diameter
• Force and position of hangers/supports
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Optimization scheme (1)
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Optimization scheme (2)
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Design Variables
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Entire model

Nonlinear optimization problem

min
α∈Rn

∑
investment costs +

∑
operating costs +

∑
CO2 costs

s.t. analysis model K(α)u = f(α)

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 e
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Results - academic example

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

Geometry-boxes
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Results - Bilfinger piping system

Bilfinger Piping System (initial), costs 26.557.306 e
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Results - Bilfinger piping system

Bilfinger Piping System (full optimization), costs 22.064.639 e, 17% benefit
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building pipes

A room allocation B routing

C material optimization

D opt. whole model

E model reduction F damage models

physics
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Overview sub project F

Simulation toolbox

• Linear and non-linear beam models:
• straight / pre-twisted elements
• simulation of arbitrary networks (dynamic / quasi-static / static)

• Different types of hangers (linear and non-linear):
• spring hangers (modelled as truss)
• rigid hangers (as stiff beams)
• constant hangers (as dead load or special follower load)

• Different material laws:
• linear visco-thermo-elasticity (Kelvin-Voigt damping)
• plasticity (with linear hardening)
• creep, creep damage
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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:
• Assumptions on how the object can deform: constrained motion

ufull(x) = u(x1) + [Λ(φ) − I]
(

0
x2
x3

)
= displacement of centerline + rotation of cross sections

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

⇒ Description of pipes by just one spatial variable: beam theory!
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Two Beam Models

• Linear approximation Λv ≈ v+φ× v and linear continuum equations
• Λ ∈ SO(3) and non-linear continuum equations

linear Timoshenko beam (u,φ) geometrically exact beam (u,Λ)

ρ0Aü−N ′ = Next

ρ0Jφ̈−M ′ − E1 ×N =Mext
ρ0Aü− (ΛN) ′ = Next

ρ0I(J, Λ̈)−(ΛM) ′−(u ′+E1)×(ΛN) =Mext

N = CNε
lin = CN(u

′ −φ× E1)

M = CMκ
lin = CMφ

′
N = CNΓ = CNΛ

T
(
u ′ − (Λ−I)E1

)
M = CMΥ = CM vec(ΛTΛ ′ −Λ0

TΛ ′0)

Matrices containing material and geometrical parameters

CN =

EA 0 0
0 GA2 0
0 0 GA3

 , CM =

GIt 0 0
0 EI2 0
0 0 EI3

 , J =

It 0 0
0 I2 0
0 0 I3


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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

• Multi-faceted problem:
• Material history (plasticity, creep)
• Material degradation (corrosion, erosion)
• Material failure (crack initiation, fracture)

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

⇒ Triple material, process and environment substantial
for the choice of describing model
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Creep Stages

(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.

Idea:

• Simple Bailey-Norton model (power creep law) describes second creep stage
• Third stage of accelerated creep until rupture is modeled by introducing a

damage variable
• For the fist stage (of decelerating creep) hardening terms are added

A. Martin · Life Cycle Optimization for Civil Engineering October 9, 2015 80



Creep Model

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

Σ̇cr = d ε̇cr
Fel

‖Fel‖

ε̇cr = A
[
1 + C exp

(
−
εcr

k

)]( ‖Fel‖
1 −ω

)m1

ω̇ = B
(‖Fel‖)m2

(1 −ω)m3

Material parameters

• Stage I: C, k
• Stage II: A and d, m1

• Stage III: B and m2, m3
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Creep Damage – Tension Test (qualitative validation)
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Creep Damage – Hanger and Welding Seam
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Creep Damage – Real System
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Creep Damage – Real System (detail analysis)
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Creep Damage – Real System (detail analysis)
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Creep Damage – Real System (detail analysis)
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Creep Damage – Real System (detail analysis)
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Creep Damage – Real System (detail analysis)
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Building
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Challenges in planning building
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Side-constraints in the planning of buildings

• Estate with building line, height restrictions, etc.

• Specific side-constraints for different kinds of room utilization

• Escape routes

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

• Technical dependencies

• Costs (material costs, operating costs, CO2-emisions)

• ...
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Selection of the material

• Limited choice of materials and technical facilities
• Average values for material parameters and production costs
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Energy Balance

=⇒ Calculation based on DIN EN 18599

• Demand for heating:
Qh,b,i = Qsink − η ·Qsource − ∆Qc,b
• Demand for cooling:
Qc,b,i = (1 − η) ·Qsource

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

energy at generation, distribution, delivery
• Consideration of the demand in electrical

energy of the facilities

• Subdivision of the building into zones with
different utilization requirements

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

• Generalizations, e.g. no special
calculation of the pressure losses of the
duct system
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Minimization of costs and CO2-emissions
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Task sharing and connections between subprojects
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Agenda for Room Allocation

• Problem definition
• Modeling as a MIP
• Description of the feasible set
• Description of the objective function
• Difficulties in solving the MIP

• Alternative Procedure
• Combination of a deterministic and random based approach
• Random based local search
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Problem Description

Given:

• Property specifications
• Space allocation plan
• Accounting model

Minimize:

• infrastructural costs
• operational costs
• energy costs

along complete life cycle !

Erste-Hilfe und 
Schularzt

Elternsprechzimmer

Vorzimmer-/ 
Sekretariat

Sozialpädagoge Sozialpädagoge

Mehrzweckraum
Stuhllager

Textilarbeit - Übungssaal Nebenraum
Lehrküche

Vorratsraum Garderobe

Hausarbeits-
raum

Schülercafe

Speiseraum

Zeichensaal
Säureraum

Nebenraum Werkraum
Musiksaal

Nebenraum

Lager- und 
Maschinenra
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Pausenhalle / Aula

Pausenhof
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Verwaltungsraum

ÖPP-Schulen der Stadt Nürnberg
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Hier: Adalbert-Stifter-Schule

Werkstätte für 
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Grün:    Verwaltung
Gelb:     Essensausgabe
Rot:       Kunst / Musik
Blau:     Sprachlabor / Physik / Chemie / Biologie
Grau:     sonst. Räume
Lila:       Informatik

Zufahrtsmöglichkeit (Materialanlieferung)

Nassraum

Ganztagesbetreuung

Unterrichtnebenraum

Verwal tung
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Kunst/ Musik Informatik

Lager
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Erdgeschoss

Funktionsbereiche

Legende

voigt und herzig architekten und ingenieure

ÖPP-Projekt Schulen Nürnberg
Sanierung / Neubau von 4 Schulen - Adalbert Stifter Schule
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