17th International Conference on Probabilistic Safety Assessment and Management &
Asian Symposium on Risk Assessment and Management (PSAM17&ASRAM?2024)
7-11 October, 2024, Sendai International Center, Sendai, Miyagi, Japan

Systematic Approach to Reliability and Safety Assessment and Enhancement in
Design and Operation of Safe Adaptive Load-Bearing Structures

Dshamil Efinger?*, Martin Dazer?
AInstitute of Machine Components, University of Stuttgart, Germany

Abstract: Adaptive systems can adjust to changing conditions. When this adaptability is associated with
changes in shape, force or stress, the load-bearing structures can be made slimmer, can achieve longer service
life and/or cause less CO2 emissions. However, adaptation functions can fail, and in the worst case, they may
act contrary to the desired behavior. If safe adaptive structures are to be widely used, a systematic approach to
reliability and safety assessment and optimization is required in the design and operation. To this aim, this
paper systematically examines the relevant content and the creates generally applicable templates. Based on
the findings, it presents a framework for a systematic approach to designing and operating these structures to
ensure both reliability and safety. The world's first adaptive high-rise building D1244 serves as an application
example.
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1. INTRODUCTION

Adaptive systems are characterized by their ability to adjust their behavior in response to changes in the
environment [1]. The concept of adaptive systems is used in various fields, including computer science,
artificial intelligence and biology [2, 3]. Scientific research into the built world of tomorrow is also looking
into it [4]. The findings clearly show improvements in environmental sustainability, increases in service life,
material reductions and increases in comfort [5]. The adaptability of the systems also enables them to adapt to
during construction unforeseen conditions [6]. Adaptive load-bearing structures are structures that are able to
influence the forces generated by external and internal impacts as well as the resulting time-dependent and
time-independent deformations in terms of adaptability [7]. A distinction can be made here between
influencing the impact itself and influencing the reaction of the structure, whereby both forms of manipulation
can also occur simultaneously. However, in addition to the desired effect of adaptation, the adaptation function
can also fail. If the load-bearing structure is designed less robustly than a passive one, this might be critical.
But in the worst case, adaptation can even take place contrary to the desired behavior. Meaning that the
adaptive load-bearing structure damages itself. Consequently, reliability and robustness play a crucial role for
safe adaptive load-bearing structures.

The adaptive system consists of actuators, sensors and much more. Each component is required to enable the
adaptive system to adapt correctly. However, depending on the functional structure and the current adaptation
requirement, a failure of individual components does not necessarily mean the failure of the adaptation
function. The functional structure is therefore of great importance. This in turn can change depending on the
adaptation requirement, which complicates the consideration in the reliability design. Furthermore, the
consequences of a function failure of the adaptation function vary, ranging from no effect to failure of the
entire load-bearing structure. Causes include the load combination that occurs, the degree to which the
adaptation function takes over the function and the overall structure of the adaptive structure. Due to the diverse
influences, the general validity of the handling represents a major challenge.

Nevertheless, if safe adaptive structures are to be widely used, a systematic approach to reliability and safety
assessment during design and operation is required. Moreover, a guideline for dealing with unacceptable
risks helps to ensure a simple application. This paper addresses both.

2. FUNCTION AND STRUCTURE OF ADAPTIVE SYSTEMS
According to VDI 2221, the definition of a product is:

,material or immaterial commodity or service which is offered alone or as a system in order to satisfy the
need of the market as well as the needs of users in a target-group-oriented way* [8].
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Based on [8-10], a technical product can also be understood as a system consisting of elements. Technical
systems are clearly defined by a system boundary and interact with the environment or other systems through
inputs and outputs. Inputs and outputs cross the system boundary. They can be substances, energies and
information.

Put simply, an adaptive system is a system with one output and two inputs. The output is the system'’s response
to the input of the instance in combination with the input of the stimulus [11]. Such an abstract adaptive system
is illustrated in Figure 1.

Instance

Adaptive |Response
Stimulus System (behavior)

Figure 1. Abstract depiction of an adaptive system

When assessing the reliability and safety of a system, the question to be asked is what the purpose of the system
is. Again, [8-10] are suitable for this purpose. The purpose of a technical system is to fulfill one or more
functions. The same applies to every element and every group of elements in a technical system, as they could
be interpreted as a technical system themselves across a system boundary. Functions describe a clear
relationship between inputs and outputs. Generalized definitions of functions can be found in the literature.
Krumhauer provides these general functions in [10]: Convert, Link, Store, Route and Change.

The solution-neutral problem formulation is used in product planning to describe the overall function of the
system to be developed [10]. The overall function is a combination of main functions. The main functions are
to be subdivided into sub-functions and these are to be linked to each other through corresponding material,
energy and signal streams [10]. The function structure to be developed should only contain the functions
necessary to fulfill the overall function(s) [12].

The central function of an adaptive system is to adjust its behavior in response to changes in the environment.
A category of shape- or force-adaptive systems can be defined for the functional properties of a system such
as an adaptive load-bearing structure.

For shape- or force-adaptive systems, the behavioral adaptation concerns the optical or geometric shape, the
stress distribution or its dynamic behavior. The optical or geometric shape can be changed or maintained by
manipulating the force streams despite changing conditions. Manipulating the force streams also allows the
stress distribution to be influenced. In the dynamic case, the manipulation can be used to change the stiffness
and damping behavior of the adaptive system.

To assess and optimize the reliability and safety of a system, both the associated main function itself and the
function structure of the system must be addressed. The function structure of the product is developed as part
of product planning and development based on VDI 2221 [8], VDI 2222 [13] and VDI 2223 [9]. Divided into
the concept phase and the design phase, the following description provide an overview of the development of
the function structure and the overall design. The example of a planetary gearbox is used to illustrate this,
although in theory the named solution actually emerges during the process.

Concept Phase

In the concept phase, the process begins with the determination of the functions at system level, whereby the
main functions of the system are identified. For the example, the transmission and distribution of torques as
well as the change in rotational speed and direction of rotation between the input and output shafts. The main
functions are then subdivided into sub-functions and these are linked with each other through material, energy
and signal flows. This then forms the functional structure. For example, the torque transmission function can
be broken down into the sub-functions ‘“Power absorption by the sun gear”, “Power transmission to the
planetary gears” and ‘“Power output via the ring gear”. These sub-functions are linked by the mechanical
connections and the distribution of forces and movements within the system. The next step is to determine
possible solution principles for each of these sub-functions. This involves selecting physical or mechanical
operating principles that contribute to the fulfillment of the sub-functions. For example, the power transmission
could be realized via the toothing of the gears (effective geometry) and the relative movement of the gears
(effective movement). These active principles are combined to form an active structure that describes the
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solution principle with which the main functions are to be fulfilled. These active structures can be represented
by principle sketches or models, which together form one or more principle solution concepts and represent
the logical architecture of the product. Finally, the solution concepts are evaluated on the basis of defined
evaluation criteria such as efficiency, manufacturability and costs. Following this evaluation, the most suitable
solution concept is selected, which may be further detailed and concretized before moving on to the next phase
of product development.

Design Phase

In the design phase, the previously developed solution concepts are built upon in order to further concretize
the structure of the product and divide it into feasible modules. The division into modules to be realized leads
to the system architecture, which is also referred to as a modular structure. Examples of modules could be the
sun gear, the planetary gears, the ring gear and the carrier frame. In the next step, the system architecture is
further developed by dividing the functional and logical architecture developed in the concept phase into
specific groups and elements that are required to implement the solution. The links between the modules are
also defined by means of interfaces. This modular structure can be visualized by arrangement sketches or logic
diagrams, which show the positioning and interaction of the individual modules within the overall system.
Once the modular structure has been defined, the individual modules are designed in detail. This means that
preliminary designs are created for each module, considering the specific technical details and requirements.
For the planetary gearbox this could include the precise design of the gearing, the choice of material for the
gears or the design of the planetary gear bearings. In the final step of this phase, the designed modules are
integrated into the overall product. The modules are further detailed and linked together to create the overall
design of the planetary gearbox. That overall design ensures that all modules work together to fulfill the desired
functions of the gearbox. This could be represented by detailed technical drawings, parts lists and connection
diagrams showing the complete integration of the product.

3. FUNCTIONAL FAILURE OF THE LOAD-BEARING FUNCTION OF SHAPE- OR FORCE-
ADAPTIVE SYSTEMS

The systematic approach outlined in this section begins with a function description that identifies the central
function of shape- or force-adaptive systems. Derived from this, the consequences of a function failure of this
function are dealt with at system level. This is followed by an analysis of the causes for a function failure,
which determines how a function failure arises for this function and how it can be prevented. Based on the
knowledge of the causes of a function failure, the combination of actual loads on the load-bearing structure
is then examined in more detail. To this end, existing possibilities are first determined separately and then
systematically varied. The causes of unexpectedly high actual loads on the load-bearing structure can then be
derived from these.

The procedure developed and the results are universally valid for all shape- or force-adaptive systems and can
therefore be applied to any such system.

3.1. Function Description

According to Sobek [7], the exclusive function of the load-bearing structure in lightweight structural design is
to transfer loads. In lightweight system construction, this main function is supplemented by additional
functions, such as the space closure or insulation function.

Ostertag formulates in [14] "the function of protecting the occupants or the contents from adverse
environmental conditions [...]" for the system of an adaptive high-rise structure, which also serves as an
application example in this paper. He also defines the load-bearing capacity — and thus the transfer of loads —
as the main function for the adaptive structure.

The "load-bearing capacity” or "load transfer” as the main function corresponds to the generally applicable
"guiding" function from section 2. Regardless of what other functions a shape- or force-adaptive system may
have, this function of "force transmission" represents an elementary basis for these systems. A function failure
of this function must therefore be easy to assess in terms of consequences, causes and possible measures.

3.2. Consequences of Function Failure

If the main function, in other words the transfer of loads, fails at system level, the load-bearing structure
collapses. In the case of the high-rise building, this means the building collapses. This is caused by a local
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failure in the transfer of forces, which is functionally relevant for the current load condition at system level.
For this fundamental correlation, it is irrelevant what type of load is present or what type of load the design
was based on. Such a condition may arise in one case solely due to the existing dead weight, or in another case
it may not occur even under the most extreme loads. In any case, the only decisive factor is whether or not the
function of load transfer at system level is fulfilled at all times.

3.3. Cause Analysis for Function Failure

Both globally and locally, external and internal forces, some of which change over time, constantly act on the
load-bearing structure and its components. The actual load on the support structure is formed from these forces.
If the load exceeds the load-bearing capacity, the local stress becomes too great, which leads to local failure.
However, such a local failure does not necessarily result in a global function failure of the load-bearing
function. A local function can be taken over permanently or temporarily by another element or load path. This
corresponds to redundancy. However, the failed local function element can also be transformed into a different
function, which is a fail-safe mechanism, for example. Furthermore, the local function, permanent or
temporary, may not be essential for the global main function and essentially serve secondary functions. For
the adaptive high-rise building, this could be the load-bearing function of a partition wall. A global failure only
occurs if the failed local function is required globally, no alternative load path can transfer the load and there
is no sufficient possibility for temporary transfer via the failed local load path.

Sources of external and internal force effects on the load-bearing structure and its components are the actions
on the one hand and the manipulation by the actuators on the other.

3.4. Combinations of Actual Loads on the Load-Bearing Structure

The occurrence of the individual force effects can be divided into six cases for the actual load on the supporting
structure. Viewed over time, these cases can alternate in any order, but a single case can also occur
permanently. The cases can be related both globally to the entire load-bearing structure and locally to
individual elements. Different cases of force effects can exist simultaneously for different elements. Table 1
provides an overview of the six cases. They are formed from the combinations of the respective table row
listed in the columns for the actions and manipulation by actuator. Impacts may be present or not.
Manipulation by the actuators can (partially) compensate for the impacts, not influence them or (partially)
amplify them. In the special form of case 6, the manipulation by the actuators acts on the support structure or
the element, although no impacts are present. Case 6 is particularly suitable for system identification and
calibration. This is used by Prokosch et al. in [15] for instance. Apart from such a purpose, this case is to be
classified as unintentional.

The lowest probability of failure of the load-bearing function is to be expected if Case 1 is present. However,
in most cases it will not be possible to generate Case 1 globally and locally everywhere and to maintain it
without interruption even with changing actions.

Case 5 is one of the worst conceivable scenarios, in which impacts are present and these are amplified by
manipulation of the actuators. Globally, this case represents an undesired behavior of the adaptive system.
Nevertheless, such a case may be intended locally if the aim is to generate Case 1 or Case 2 globally or for
other local areas — for example as a protection function or safety function for individual elements of the
supporting structure. However, it must then be ensured that particularly stressed areas can withstand the
increased loads.

Case 4 is a milder form of Case 5, which is also globally undesirable.

Partial compensation (Case 2) or amplification (Case 4) can have various system-related, intended and
unintended causes. Intended causes include the previously mentioned protective function or safety function,
while system-related causes may include physical limits of the actuators (displacement, force, dynamics) or
the actuator system (inertia of the control loop, actuating power, dynamics). Unintended causes include control
deviations, signal errors and failures of components in the actuator system [16, 17].

If impacts are present but are not manipulated by the actuators, this results in Case 3, where the adaptive
support structure acts as a passive structure. This may be intended if only low loads are present. However, with
high impacts, this case is particularly conceivable if the actuators are not functional.
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Table 1. Overview of combinations of actual load on the supporting structure

Case Impacts Manipulation by actuators

Case 1 Present Compensates impacts

Case 2 Present Compensates impacts partially

Case 3 Present Does not compensate and does not amplify impacts
Case 4 Present Amplifies impacts partially

Case 5 Present Amplifies impacts

Case 6 Not present Acts on supporting structure/element

3.5. Causes of Unexpectedly High Actual Load on the Load-Bearing Structure

For the objective of reliable and safe adaptive load-bearing structures, the question now arises as to what new
causes there are for unexpectedly high actual loads on the load-bearing structure compared to passive systems
so that these can be addressed. For this purpose, the six cases developed in the previous section for the actual
load on the load-bearing structure are analyzed in more detail in terms of their causes.

No new influences can be identified on the impact side. As with conventional systems, unexpectedly high
actual loads may be caused by unconsidered, incorrectly or incompletely represented impacts.

Manipulation by the actuators allows a generalization from the six cases. The desired state is considered first.
This is "Actuators compensate globally and locally for all effects” (special form of Case 1).

In contrast, there are less desirable or undesirable states. They are formed from cases 2 to 6, when the actual
state deviates from the target state. These are:
e Actuators do not fully compensate (Case 2),
e Actuators do not compensate (Case 3),
e Actuators overcompensate (Case 6),
e  Actuators amplify impacts (Case 4+5).
These can be summarized as: "Actuator does not work/works insufficiently/works incorrectly".
This corresponds to inadequate adaptive behavior, which is examined in more detail in the next section.

3.6. Logic path to the failure of a shape- or force-adaptive systems

For ease of use, the logic path in Figure 2 provides an overview of the contents of the previous subsections. It
starts with a global focus with the actual loads on the structure. If these are too generally greater than the load-
bearing capacity, a global failure is inevitable. Otherwise, the loads can then be observed on a local focus,
whereby a locally excessive load leads to a local failure. The consequences of a local failure depend on the
function structure at a global level. This is described using a simple scenario with the example of the adaptive
high-rise building from [18]. For this purpose, the four column supports are considered. If actions lead to a
load that is greater than all four supports can withstand in total, the load exceeds the load capacity globally and
a global failure and thus a collapse is inevitable. However, if the load is only greater than the load capacity for
a single support, a failure occurs for the individual support on local level. If there is a global compensation
option for the failing support, no global failure is caused — but if this cannot be compensated for, a global
failure resulting in a collapse occurs.

Impacts & Manipulation by actuators
act on/in supporting structure
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Figure 2. Logic path to the failure of a shape- or force-adaptive systems
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4. CHARACTERISTICS AND CAUSES OF INADEQUATE ADAPTIVE BEHAVIOR

The previous section clarifies what an inadequate adaptive behavior means for the adaptive support structure
and why such behavior should be prevented. It is now necessary to clarify how an inadequate adaptive behavior
manifests itself. This is the characteristics of inadequate adaptive behavior. Based on this, the causes of such
behavior must be determined to be able to derive corrective measures if necessary.

For this purpose, the Fault Tree Analysis (FTA) [19] is used based on the main malfunction "actuator does not
work/works insufficiently/works incorrectly”. This is flanked by a Failure Mode and Effects Analysis (FMEA).
The FMEA is used to determine the causes and consequences of failure based on the malfunctions identified
in the FTA, to assess the risk arising from a failure and to define optimizing measures.

While the first level of the fault tree can be created universally, the subsequent levels are very specific to the
individual system. For this reason, the universally valid first level is dealt with first and then an example of a
specific solution is described.

4.1. Generally Valid
The first level of the fault tree is completely independent of the exact system, actuator or control technology
or mechanical solutions. This first level can be formed for exactly two different scenarios. One is force control,

and the other is displacement control. They are presented separately in the next two subsections.

4.1.1. Force Control

For a force-controlled shape- or force-adaptive system, the first level of the fault tree is shown in Figure 3.
Inappropriate adaptive behavior can occur purely in a static state (path 6), purely in a dynamic state (path 5)
or in both a static and a dynamic state (all paths with the exception of path 5 and path 6).

Actuator does not work/
works insufficiently/
works incorrectly

Force in Force Force
wrong | |unbalanced || fluctuating
direction || (dynamic) (static)

Force _Force Force Force
drop increase delayed premature

No Force Force
force too low too high

Figure 3. Fault tree with the universally valid first level for a force-controlled adaptive system

4.1.2. Displacement Control

For a displacement-controlled system, the states are slightly modified from those of force control. Cases
without a desired and at the same time without an occurring displacement change (stress adaptation) cannot be
represented in the control and in the fault tree. However, further distinctions are required elsewhere, which is
why there are a total of eleven causes of malfunction on the first level in Figure 4.

Actuator does not work/
works insufficiently/
works incorrectly

Undesired Movement || Movement
no in wrong ||not smooth
movement direction || (dynamic)

Movement || Movement || Undesired

Position Motion Motion || Movement || Movement
too small || too large || movement

fluctuating || reduction || iIncrease delayed || premature

Figure 4. Fault tree with the universally valid first level for a displacement-controlled adaptive system
4.2. Solution-Specific

All levels after the first level are dependent on the exact system, actuator technology, control technology and/or
mechanical solutions. They must therefore be supplemented on a case-specific basis to the first level of either
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the force-controlled or displacement-controlled system. In addition, the application of an FMEA is suitable as
a bottom-up supplement from the lowest level.

For the application example of an adaptive high-rise load-bearing structure system according to [20], Figure 5
provides the addition of the 2" level to the fault tree. Further levels are omitted here for reasons of space. The
application example uses hydraulic actuators, some of which are mechanically integrated into the structure in
series and some in parallel. The actuators are controlled via proportional valves, and pressure reservoirs are
installed near the cylinders to ensure constant and rapid pressure availability. Sensors can be used to monitor
the pressures and flow rates of the hydraulic system, the dynamics of the load-bearing structure, expansions in
measuring points on the load-bearing structure and the paths and forces of the actuators. The aim of the
implemented fault tree structure is to automatically detect the causes of faults during operation via the sensor
signals and to warn of possible consequences before they occur or, if necessary, to enable the control strategy
to be adapted accordingly.
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— Force premature

Figure 5. Fault tree with the universally valid first level and a solution-specific second level of the force-
controlled hydraulically actuated adaptive system of a demonstrator high-rise building D1244

5. SCHEME OF MEASURES FOR MAINTAINING THE FUNCTION AND INCREASING THE
ROBUSTNESS OF THE ADAPTIVE SYSTEM

The scheme of measures addresses the development of the adaptive system on the one hand and its operation
when corresponding situations occur on the other. The scheme of measures addresses the effective structure
and influences the function structure. The measures taken during development serve to reduce the probability
of potentially critical events occurring. Such a scheme of measures for maintaining the function and increasing
the robustness of an adaptive high-rise structure is depict in Figure 6. The process always starts with a “yes/no”
question, with “yes” as a green path to the left and “n0” as an orange dashed path to the right. If the question
is answered positively, the next question follows. If the question is answered negatively, measures are outlined
that can be considered during development and then applied during operation. During operation, the
implemented measures can then be used individually or sequentially as required to maintain functionality. On
the one hand, the measures include various forms of redundancy. These can be homogeneous or diverse
redundancies. Homogeneous redundancy includes actuators, sensors, switching and control devices or circuits,
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storage or load paths of the same type, which can functionally replace each other in the event of a failure.
Diverse redundancies are components or subsystems of different types that take over the function of the other
in the event of a failure — for example, electrically operated actuators in addition to hydraulic actuators.

On the other hand, there are fail-safe concepts or emergency measures. Examples include locking actuators in
the best possible position in the event of an actuator failure, reducing effects such as wind by creating
temporary openings or isolating collapsing areas.

Grid power supply intact? ]

Legend:
Text with? Question
Path for “Yes”
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* Redundant energy supply
Power supply intact?

Path for “No”
o All sensors intact? ]
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v L]
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Figure 6. Scheme of measures for maintaining the function and increasing the robustness of an adaptive
high-rise structure

6. FRAMEWORK FOR APPLICATION SUPPORT

The previous sections have systematically worked out the causes, influences and correlations for the reliability
and safety of shape- or force-adaptive systems. These can be used for the future development and operation of
such adaptive systems as part of a framework. The following two-part procedure should be used for this
purpose.

It starts with the assessment and evaluation of reliability and safety for the main function of load transfer of
the shape- or force-adaptive system. The procedure can be realized in six steps:

1. System analysis of the entire adaptive system

2. Complete the fault tree (from subsection 4.1) from the 2" level onwards for each individual system

3. Determine, calculate and complete probabilities of occurrence in the fault tree for each individual
actuator
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4. Determine/calculate probabilities of occurrence for cases 1-6 (from subsection 3.4) (this also requires
the information that would also be required for a passive system, e.g. frequencies of occurrence and,
if applicable, times of occurrence for the impacts) (locally and globally)

5. Examine mechanical system for resistance for cases 1-6 and determine consequences if necessary
(locally and globally)

6. Globally compare the probability of failure of the main function with the permissible limit values

If the sixth step delivers a satisfactory result, the process can be ended at this point. However, if there is a need
for action, two directions can be used in the second part, or they can also be combined.

7. Adjust the system
a. Reinforce mechanical supporting structure
b. Apply measures from the scheme of measures (from section 5)

The assessment can be updated after each adjustment. For 7.a., start at step 5, for 7.b. from step 3. Using the
example of an adaptive high-rise structure, [20] provides additional input regarding the action analysis, design
and maintenance optimization, which must be considered from the fourth step onwards.

The framework provides a predefined structured procedure. A further advantage is that all possibilities are
already considered both in the fault tree and in the combinations of possible loads on the supporting structure.
This prevents anything from being forgotten, reduces the demands on the user of the framework and assists in
forming an understanding of the system.

7. CONCLUSION

The paper addresses the major challenge of assessing and improving adaptive load-bearing structures in terms
of reliability and safety. Following a systematic examination of relevant content and the creation of generally
applicable templates, it presents a framework for a simple, systematic approach.

To this end, the second section first examines the nature of adaptive systems. In addition, the category of shape-
or force-adaptive systems is formed and the adaptive load-bearing structures are assigned to this category.

In the third section, the central function of "force transfer" is determined on the basis created above and the
consequences of a function failure are determined. In the cause analysis, it is shown that a local function failure
either leads to a function failure of the adaptive load-bearing structure or not, depending on the functional
structure. By systematically varying the force effects, six universally valid possible cases are then defined,
which form the actual load on the load-bearing structure. This shows that different states can exist locally and
globally and that some locally less preferred states can still make sense on a global level. Furthermore, general
situations of inadequate actuator behavior are determined from the scenarios identified. In summary, the logic
path provides the sequences from the force effects to the failure of the load-bearing function at a local and
global level.

With the results on inadequate behavior of the actuators, generally valid fault trees are formed in the fourth
section by applying FTA and FMEA. These contain one level, as further levels are application-specific due to
the principle. Such an advanced example is shown in the application to the adaptive high-rise structure of the
D1244.

In the fifth section, a developed scheme of measures provides recommendations for improving reliability and
safety in system design. In system operation, it provides recommendations for measures in the event that a part
of the system does not work as intended.

To support the application, the findings and results have been incorporated into a framework, which is
discussed in the final section. The procedure and templates developed are generally valid for all shape- or
force-adaptive systems and can therefore be applied to any such system.
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