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Abstract

The terms ‘Right First Time’ and ‘First Right Time’ stand for the actual demands to

the product development process, and they characterise Concurrent/Integrated

Engineering as development procedure: The right design has to be obtained already

at the first time when a prototype is manufactured, and the duration of the whole

process has to be minimised, in order to enable the user to serve the market as first

supplier at right time.

Typical aircraft design consists of three phases, which can be denoted as

conceptual, pre-design and detailed design phase. Typically, in the conceptual

phase some 30 different concepts are designed and corresponding manufacturing

concepts are regarded. Usually, very rough analysis tools are applied which lead to

an accuracy of the weight estimation of at most 92%. Based on such a data basis,

the decision for one of the concepts can be risky, especially if there are equally

ranked concepts. If the pre-design phase should reveal that the concept chosen is

not as promising as expected, stepping back to the conceptual phase is necessary,

but very costly.

A Concurrent/Integrated Engineering (CIE) process is proposed which comprises

both, conceptual and pre-design phase. This leads to a decision making on a more

solid data basis than presently. By use of advanced analysis tools, which are fast
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enough for conceptual design and at the same time accurate enough for pre-design

purposes, time and costs can be reduced significantly as compared to state of the

art analysis tools. Tools for thermal, stress, failure and damage tolerance analysis

are introduced.

Furthermore an information system for CIE (ISCIE) is discussed which will help to

overcome problems with redundancy, consistency and actuality which frequently

occur in today‘s product development processes.

1.     Introduction

Strong international competition in the civil aircraft market requires a continuous

effort of the aircraft manufacturers to improving structural performance and reducing

production costs of their products. A key technology with great potential for achieving

both goals are composite structures. Meanwhile the first primary composite

structures have entered the Airbus program (rear pressure bulk head, keel beam,

empennage of long range A340). Future developments will aim at wings and

fuselage in order to fully exploit the improvement potential. In Germany a national

research initiative has been launched which aims at providing until 2010 all scientific

and technological foundations for starting the development of a composite fuselage.

Within this program the ambitious goal has been set of reducing weight by 30% and

simultaneously of production costs by 40% as compared to state-of-the-art metallic

fuselages. These numbers clearly indicate that not only some gradual improvements

of today‘s technology but a whole new generation of aircraft primary structures and

product development processes is striven for. The paper suggests a

Concurrent/Integrated Engineering (CIE)-design process which is based on fast

simulation tools and a dynamic information system.

2.     Main features of the CIE process

The contribution of the CIE process to achieving simultaneously the goals of better

performance (lower weight) and reduced costs can be characterized by the terms

„Right First Time“ and „First Right Time“. The right design can be obtained already at

the first time when a prototype is manufactured, and the duration of the whole
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process is minimized, in order to enable the user to serve the market as first supplier

at right time.

Within the present product development process a big share of the total costs are

pre-determined in a very early state of the process. Numbers of 70% of costs fixed

after only 5% of development progress are reported on. This means that major

decisions are taken on a rather small knowledge basis. Resulting from this, a high

development risk occurs which must be reduced by generating more knowledge

about the structure to be developed already very early in the design phase. Figure 1

shows the disciplines participating in the structures development which are

performed sequentially in the form of a chain. Parallelisation of the real process has

limits, e.g. the design, analysis and dimensioning must be concluded before the

production can take place. However, if the disciplines can be performed virtually by

applying fast and efficient simulation tools, the knowledge gathered by all disciplines

can be introduced already into the design phase, i.e. knowledge produced within

chain links two to four is made available for chain link one. This is the meaning of

Concurrent/Integrated Engineering.

Structural
Concepts,

Design

Degree of 
Realisation

Proximity to Final Prduct

Production

Qualification
and

Quality Assurance

Detailed Design,
Analysis and
Dimensioning

Figure 1: Disciplines of development of lightweight structures

Looking at the traditional design process consisting of the sequence of conceptual

design, pre-design and detailed design (conf. table 1 and figure 2) reveals that a
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potential aircraft concept is defined after a couple of weeks. Consequently, only very

rough tools for the different disciplines can be applied and the design is risky,

especially if there are equally ranked concepts. The goal of providing knowledge

from all disciplines within the design phase can be realized by merging the

conceptual and the pre-design phase. This is depicted in figure 3. At the first glance

this might increase the analysis effort since the alternative configurations must be

studied for all concepts instead for the selected concept only. However, this can be

more than compensated by applying analysis tools which are fast enough for phase

A (conceptual design) and at the same time accurate enough for phase B (pre-

design phase). Most of the tools do not exist yet or are not mature. Thus, a center

piece of future research will be the development of this new quality of analysis tools.

Efficiency improvements are supported by the still ongoing rapid increase of

computer hardware performance.

A
conceptual phase

B
pre-design phase

manpower

investigated
configurations

time

accuracy of
weight estimation

objective

result

1 - 5

1 - 4 weeks

30

< 92%

definition of
potential market

potential
aircraft concept

C
detailed design phase

10 - 200

3 - 12 months

150

92% - 98%

selection of
an appropriate
aircraft design

verified
aircraft configuration

300  - 2000

1 - 5 years

1

> 98%

preparation of
manufacturing and

testing

data and drawings for
workshops

Table 1: Phases of aircraft design

Some first structural mechanics tools of the new generation are descibed in chapter

3 of the present paper. Furthermore, efficient simulation tools are required for

production, quality assurance and costs.

Another important aspect of CIE comes into vision when realizing that the diciplines

are not fully separated one from another but have multiple dependencies and

overlappings. Performing all disciplines and their related tasks concurrently (on a

virtual basis) is possible, if the tasks are data-independent at least. Otherwise the
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tasks have to be performed sequentially. To recognize the data independency of

tasks is one aim of the information system for CIE (ISCIE). To find out an optimal

schedule to perform the tasks is another one. The analysis of the data-independency

is solved by observation of the input and output data of the selected tasks with

Petrinet analysis. The uniqueness of data during the whole design process and the

availability of valid data as soon as possible, increase the need for a comprised

information management, which avoids problems with redundancy, consistency and

actuality of the design information (conf. figures 5 and 6).

definition of requirements

design of concept manufacturing concept

concept 1 concept 2 concept 3

properties of concept 1
(weight, costs, environmental
effects, maintenance, ...)

selected concept

pre-design 
(construction, dimensioning)

manufacturing process 
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detailed construction definition of manufacturing procedure

unique description
of structure, availability
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Figure 2: Sequence of the design phases A, B, C (classical concept)
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Figure 3: Concurrent/Integrated Engineering of design phases A and B
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A system architecture concept will be realized consisting of three columns based on

standardized task-meta–information and a superimposed interface to the design

universe (conf. figure 4). The first column consists of task or process flow analysis

and their virtual simulation including a resource and conflict analysis. The second

column comprising the information management of the real design facts, describes

the data exchange as well as points to methods somewhere in the universe of

design. The third column contains the groupware components like common

communication and documentation.

Design universe interface

Process- meta-information

Process flow
analysis

and
simulation 

Design facts
and methods
information

management

Groupware
components

Figure 4: Three column concept of the ISCIE

The projection of the real development process onto a software environment is the

core of the ISCIE. For that purpose the whole development process must be broken

down into sub-processes which have exactly one input and one output interface.

None of the disciplines (conf. fig. 1) mentioned above fulfills this requirement when

looked upon as a single process, since intermediate in- and output is normal. Thus

each discipline itself is subdivided into several sub-processes. They can be either

connected unconditioned or by decision making processes. Thus a branching of the

process flow is comprised by the system. It is obvious that such a complicated

structure of many sub-processes may not be static if it shall be capable of keeping

up with modifications of the development process. ISCIE’s process flow will be a

dynamic system which can integrate new or eliminate old sub-processes.
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Figure 5: Design process without information system
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Grafical User Interface

Spezification
Indication

Input

Output

Figure 6: Design Process using advanced tools and information system
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The design facts and methods information management comprises the prerequisites

(e.g. design facts, constraints, methods) under which a distinct process flow was

carried out and archives them [1,2,3]. Results of development processes can thus be

traced back even after long time.

The groupware components provides unified electronic systems for E-Mail, calender,

documentation etc.

Concluding this chapter the advantages of the CIE process are summarized

• Reduction of the development risk

• Reduction of development costs

• Reduction of development time

• Improvement of product

• Increase of flexibility with respect to change of requirements

3.     Advanced Structural Mechanics Tools

Integration of structural mechanics tools is supported by use of common numerical

methods. During the last decades the finite element method has gained a

dominating role in the structural mechanics field. The method has the fascinating

advantage that a complicated structure is modelled by different types of structurally

equivalent elements. Thus, mathematical-physical models which are specific for the

type of material (e.g. composites or homogeneous, isotropic materials) or the

structural member (e.g. beams, shells, continua) can be implemented into the

elements. By that means all knowledge about the physical behaviour of the actual

structural member is introduced into the element formulation and only the rest, which

is usually entailed with geometry or nonlinearities, is left to the numerical procedure.

Highly developed finite elements have therefore a great potential for efficiency

increase. This is underlined by the subsequent examples.

3.1   3D Thermal analysis of composite and sandwich structures

The main objectives of the thermal analysis is to control if the structure fulfills the

thermal requirements and to supply the full three-dimensional temperature

distribution as input for the thermo-mechanical analysis. In the case of composites
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and sandwich structures the layers have different thermal conductivities in different

directions. Figure 7 shows different composites and a typical sandwich structure.

Composite structure

Aluminum sheet

Fiber/resin

Hybrid composite structure

Face Sheet

Honeycomb
Core

Sandwich structure

Figure 7: Examples of composite and sandwich structures

For the evaluation of the full 3D temperature distribution three-dimensional finite

element or finite difference models are commonly used. This leads to high modelling

and numerical effort, which is not acceptable within a design process. Besides, for

thermo-mechanical calculations a two-dimensional model is sufficient, since most

commercial finite element codes provide two-dimensional finite elements for

composite and sandwich structures. Therefore it is desirable to have finite elements

which can calculate the full three-dimensional temperature distribution based on a

two-dimensional model reducing the modelling and numerical effort drastically. For

carbon fibre reinforced plastics (CFRP) Rolfes [4] has proposed a linear thermal

lamination theory which is analogous to the first order shear deformation theory

(FSDT). For local effects or transient problems the same author has suggested a

quadratic thermal lamination theory [5]. Subsequently, new 2D element formulations

are outlined which are based on layerwise linear or quadratic temperature

distributions.

CFRP, hybrid composites and sandwich structures can be idealised as layered

structures (figure 8). For layers in which all modes of heat transfer (heat conduction,

radiation and convection) occur (for example honeycomb cores) a thermal

homogenisation is necessary. This homogenisation is not a specific requirement for

two-dimensional finite elements, but is equally needed if a full three-dimensional

finite element or finite difference model is applied.
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For the development of the two-dimensional thermal elements QUADLLT and

QUADQLT two different temperature distributions (linear or quadratic) in thickness

direction were assumed.

A linear layered theory (LLT) was first used by Sipetov [6] for steady state thermal

problems. It assumes

y)(x,Tzy)(x,Tz)y,(x,T k
z0,k

k
0

k ⋅+= . (1)

Using two heat transfer equilibrium conditions for the

• temperature at the layer interface,

• heat flux in transverse direction,

the number of functional degrees of freedom can be made independent from the

number of layers. This theory was extended to transient problems by Noack and

Rolfes [7].

For transient thermal problems and local heat loads a quadratic layered theory is

assumed:
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By use of a third heat transfer equilibrium condition for

• the change of the heat flux in transverse direction,

again the number of functional degrees of freedom can be made independent from

the number of layers. Based on this theory the finite element QUADQLT was

developed.
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Figure 8: Layered design of composite and sandwich structures
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A square plate with a local heat flux of q = 100 kW/m2 was considered. At the bottom

of the plate a convection boundary condition with an ambient temperature of

 T∞ = 0 °C and αc = 30 W/m2K was applied. The geometry is shown in figure 9.

a a
a

b

a

b

heat flux
point p

Figure 9: Example problem for the thermal analysis

Two different composites were analysed. The temperature distributions in transverse

direction at point P are shown in figure 10. The results show a good agreement

between 2D and 3D analysis. Numerical and modelling effort are drastically reduced

by the new finite elements.
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Figure 10: Comparison of 2D and 3D thermal analysis (transverse temperature

distribution at point P)

3.2   3D stress analysis and failue criteria for composite structures

 For many years the failure of composite laminates has been predicted by so called

quadratic interaction criteria for single unidirectional layers, which can be thought of

as siblings of the von-Mises yield stress criterion extended to anisotropy. Neither do

they provide information about how the laminate fails nor do they account for

transverse stresses. Though lightweight structures are typically thin-walled,
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transverse stresses may not be neglected since laminated composites show

reduced strengths in transverse direction, which are caused by the dominating

matrix material. To circumvent this situation, new physically motivated failure criteria

have been proposed e.g. by Hashin [8], Puck [9] and Cuntze et al. [10], that

differentiate between specific modes of failure. Those criteria do account for

transverse stresses as well, therefore require the full 3D stress tensor to provide

more accurate failure prediction.

Since analytical solutions are usually limited to special configurations, general finite

element codes are employed to perform real world analyses. Obviously, it is possible

to discretize any composite structure using 3D solid elements and gain the 3D stress

state, but this approach is highly impractical due to high model handling and

calculation costs. As an alternative a fast, cost efficient extended 2D method to

determine the full 3D stress state has been proposed by Rolfes et al. [11,12,13],

lately. It is applicable to laminated composites under both temperature and

mechanical loads and especially suited for early design cycles.

The method comprises two stages: At first a finite element deformation analysis is

performed, using standard eight-noded shell elements based on FSDT. Such

elements are available in virtually all general purpose finite element solvers.

Displacements and laminate strains on the reference surface are used to calculate

layerwise membrane stresses and transverse shear resultants as well as their first

derivatives. The postprocessor TRAVEST uses this as input for the second step.

The full three-dimensional conditions of equilibrium are to be integrated over the

thickness utilizing the material law plus two simplifying assumptions:

• The influence of membrane normal stress derivatives on transverse shear is

neglected.

• Two cylindrical bending modes are assumed to describe the deformation

behaviour.

These simplifications allow for reduction of regularity requirements on the shape

functions of the finite elements. With biquadratic trial functions the complete stress

recovery can be performed on element level, avoiding global interpolations. The

integration process needs to be performed only once per laminate definition.
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Extensive tests using three dimensional elasticity or finite element as reference have

shown good, sometimes excellent coincidence for transverse stresses despite the

simplifying assumptions even for moderate thick plates and shells.

Two examples may be presented here: A simply supported cross-ply plate under

doubly sinusoidally distributed temperature gradient1, constant through thickness

and a cylindrical, long panel under sinusoidal pressure load [14]. In the plate

problem two different slenderness ratios were investigated, l/h=10 and l/h=20. Both

examples show a very good agreement of both transverse shear and transverse

normal stresses (figure 11).

The extended two-dimensional method has proven to provide an accurate estimation

of all transverse stresses on element level while reducing modeling and calculation

cost compared to three-dimensional models considerably. The method has been

generalized to doubly curved shells. A test release of the code TRAVEST is

available.

In this release new physically based failure criteria for unidirectional components

proposed by Puck [9] and Cuntze [10] are implemented too offering the possibility to

compare them with conventional criteria like the well known Tsai-Wu criterion. Thus,

it is possible to determine the full 3D stress tensor with low numerical effort first and

then evaluate the stresses layerwise using adequate failure criteria. This leads to a

highly efficient design process.

While this procedure yields excellent results for composites consisting of

unidirectional layers, there is a lack of methods for modern 3D reinforced structures.

Currently, works are under way to adapt the failure criteria of Puck [9] and Cuntze

[10] to these structures. Especially of interest in this context is the establishment of a

new strength model for 3D reinforced composite layers. Another version of

TRAVEST implementing these adapted failure criteria will be released in due term.

Future development of the extended 2D-method aims at its applicability to four-

noded elements and sandwich structures.

The 2D methods for thermal and stress analysis presented above are very well

suited for combined application in an integrated analysis process [15].

                                                                
1 Reference solution kindly provided by Prof. A.K. Noor of NASA Langley research center, Hampton VA, USA.
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Figure 11: Transverse stresses in plate and shell under thermal and static loading,

respectively

3.3   Impact and residual strength of composite structures

In order to be able to efficiently design composite structures with increased damage

tolerance, it is essential to develop fast analysis tools which simulate the behaviour

of the structure under service load conditions. In the context of CIE, these simulation

tools approach two objectives: to make available fast predictive methods for the pre-

design and to minimise the amount of tests (from coupon tests to real-size parts)

needed in the verification of the structure.

One of the most important challenges in composite structures is the estimation of

residual strength of damaged structures. It is essential to have the possibility to

simulate the damage in a composite laminated structure produced by low-energy

impact, which is one of the more limiting factors in real structures, and estimate the

residual strength of the impacted structure. Both capabilities have been implemented

in the computer programme CODAC (Composite Damage Analysis Code) [16].

The mechanisms of impact damage initiation and propagation are very complicated

and have not yet been fully understood. Extensive experimental studies have,
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however, identified some important characteristics of impact damage patterns,

especially concerning delaminations. The models included in CODAC [17] are based

on these basic characteristics of impact delamination identified by the experimental

studies and focus on the qualitative description of geometric features (shape and

distribution through the thickness) of impact delamination. Unlike previously

proposed models, CODAC does not require any parameters depending on impact

tests.

The impact response of stringer-stiffened panels is simulated using Hertzian

indentation law to calculate the contact force between impactor and laminate. The

impactor is considered as a rigid mass which transfers a point load onto the

laminate. A finite element analysis is made, where the panel is modelled with beam

elements (stringer) and plate elements (skin laminate) based on Mindlin’s plate

theory to consider transverse shear effects. The dynamic equations of motion are

then solved by direct integration methods. Thus, displacements of each node are

determined, strain and stresses can be calculated over the laminate at each time-

step, and failure criteria are applied to assess the initiation of damage, which allows

to monitor the evolution of damage during the impact event. Three damage modes

(fibre breakage, matrix cracking and delamination) are covered by separate failure

criteria.

Figure 12 shows the transient impact response obtained by simulation with CODAC

compared with experimental data. Figure 13 shows the distribution of impact

damage simulated with CODAC.

In order to record and characterise the damage information as accurate as possible

in the course of the analysis, the Damage Data Structure (DDS) has been

implemented. The DDS is used in both parts of the programme: in the impact

analysis as well as in the Compression After Impact (CAI) analysis. This allows the

generalisation of the methods for different types of failures and arbitrary distribution

of damage in the laminate.

Extensive experimental studies have shown, that the failure of impact-damaged

laminates under compression is generally governed by the local buckling of the

delaminated areas.
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Figure 12: Transient impact response of a stringer-stiffened panel

Figure 13: Simulation of damage in the skin laminate of a stringer-stiffened panel
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Fibre breakage

Matrix crack

Delamination
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Therefore, the Compression After Impact approach [18] is based on a sublaminate

buckling analysis, in which the delaminations obtained by impact simulation are

assimilated to equivalent ellipses. Then the stiffness of the buckled areas is modified

by a stiffness reduction factor and a soft-inclusion is constructed in the damaged

zones of the laminate [19]. With linear static finite element analysis, the stress

distribution is calculated and the Damage Influence failure criterion [20] is applied to

obtain the compressive failure load of the laminate. Figure 14 shows results of the

residual compressive strength of an unstiffened plate obtained by CODAC’s

predecessor CDTAC.
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Figure 14: Residual compressive strength of a laminate

4     Conclusions

Advanced analysis tools which are fast enough for conceptual design and accurate

enough for pre-design have been identified as a major part of a

Concurrent/Integrated Engineering process. Some structural mechanics tools, all

based on 2D finite elements, for thermal, stress, failure and damage tolerance

analysis have been introduced, others, especially for stability, are under intensive

development. Efficient simulation tools for the other disciplines involved into the

development process, e.g. production, quality assurance, costs, are also required for

the CIE process.

Furthermore, the three-column architecture of an information system has been

outlined. It will help to overcome problems with redundancy, consistency and

actuality occuring in today´s development process.
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