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Abstract  

 

In this study an initial evaluation is made to assess the structural behavior of an active adaptive cable 

truss to structurally improve a reinforced concrete floor. An active adaptive system has the ability to 

adapt structural of geometrical properties to react specifically to any loading situation. With the 

assessment of this combination of structures, the existing knowledge of the most critical aspects and 

properties of the use if this relative type system is expanded.  

The underlying reasoning for the study is the improvement of the load bearing capacity of existing 

reinforced concrete floor structures. Throughout this study, a live load increase from 2,50kN/m2 up to 

5,00kN/m2 is desired. With the inclusion of an active adaptive improvement system, the structural 

capacity is increased when the critical limit is exceeded. On the other hand, when the capacity is not 

exceeded, the structural height of the active system is kept to a minimal. 

In accordance with the European building codes, the Eurocode, the main structure, a concrete floor 

structure, is structurally assessed and the results are evaluated for the proposed load increase. The 

structural improvement is designed to increase the capacity of the complete structure where the floor 

reaches its limitations. To obtain an overview of the specific properties of the improvement method, 

a range of practical floor designs is used for which the required increase of capacity is determined. This 

range of floors consists of 18 floors with variation in reinforcement ratio, floor span and concrete class. 

To evaluate this wide range of floor structures, all relevant calculation steps are included in a 

spreadsheet program. With this spreadsheet the different variations and changes to the systems are 

calculated.  

The active cable truss system uses a variable length actuator. The elongation introduces a vertical point 

load on to the floor. With the active change of this point load, the total bending moment in the floor 

section is controlled. With strain sensors at the bottom of the concrete floor the bending moment in 

the floor section is calculated. The relation between bending moment and deflection, as described in 

the Euler Bernoulli Beam Theory, is combined with the stiffness of the cracked and uncracked floor 

sections over the length of the floor. By discretization and the use of the tension stiffening effect, the 

stiffness and deflection of the floor are calculated. 

The behavior of the active cable truss system is compared to structural improvement by the addition 

of carbon fiber reinforced polymer laminates and by a static (prestressed) cable truss. Similar to the 

active cable truss, the calculation steps are included in the calculation tool. By the use of CFRP 

laminates, the strength and stiffness of the concrete floor section are increased by glued laminates at 

the bottom of the floor section. When using a prestressed static cable truss, the stiffness of the system 

is increased by coupling the vertical deformation of the cable truss and the concrete floor. 

The work in this study shows the structural potential of an active element to achieve structural 

improvement of concrete floors. With the active element the exact required response of the system is 

determined resulting in minimal height during the entire life span. This advantage is greater for floors 

with large floor spans as the action of the system is greater and the difference of the active and inactive 

state is greater. For floors with low reinforcement ratio’s the system is constantly active where for 

floors with a high strength, only extreme loading cases require activation. In general, for all floors, the 

strength and stiffness of the floor determines the occurrence of activation, where the configuration of 

the cable truss determines the degree of activation and elongation. 
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1.  Introduction 

The field of architectural and structural design is a place where creativity, ideas and actual buildings 

come together. The combination of these free thoughts in combination with the endless physically 

possible solutions, results in the wonderful build environment around the world. When creativity and 

feasibility find the perfect balance, amazing buildings and building structures are created. The CCTV 

Tower, a design by OMA combined with the engineering design by Arup (Figure 1-1) is a perfect 

example of the harmonized architectural and structural design to create a wonderful structure. In 

this case, the structural system amplifies the architectural appearance. On the other hand, in some 

projects, the imagination of the architect can lead to impossible structural challenges. In some cases, 

the design needs to be changed in order to realize a structurally safe building.  

 

Figure 1-1: The CCTV Tower By OMA and Arup 

 

In the design of new building structures, the requirements and loading cases are combined to design 

the structural system. The initial assumptions concerning the function and loading lead to a clear 

process where the structure can be assessed from the roof to the foundation. The multi-disciplinary 

discussion is critical in the implementation of all relevant aspects into a cohesive design.  

In re-use of existing structures, the structural system of a building can only be altered with the 

addition (or removal) of structural elements. It is common practice to implement, for instance, a 

steel beam to realize a new opening in a wall or floor. The structural improvement is required to 

withstand the maximum loading cases and keep the deflections within the allowable margins. The 

maximum loading situation is rarely reached, so the structure is over dimensioned for most of its life 

span and the large structural member is always present. 

In this study is considering whether an existing concrete floor structure can benefit from the 

structural improvement by an active system. Such a system actively monitors and measures the 

structure and increases its strength and stiffness whenever required. This study on active adaptive 

systems is focused on a relatively new sub-topic, concrete floors. The field of active adaptive systems 

is still growing, and the applicability in combination with new structure types could enrich the field. 

On top of that the study on existing structures combined with active adaptive structures broadens 

the existing knowledge of active adaptive structures. 
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2.  Problem description 

In this chapter, the problem description and the research questions are introduced. The main reason 

for an improvement of existing structures is the change of the function of a building, and with that 

the increase of loads. The case relevant for this project is where the existing load bearing structure is 

not capable to withstand this increase of loads. In this case, in order to re-use the existing structure, 

an improvement is required to strengthen and/or stiffen the system. 

2.1  Existing concrete structures 

Currently the Dutch real-estate market is in a state where an abundance of buildings is empty. The 

situation where the realization of new structures keeps on increasing shows the existing structures 

do not fit the purpose of the sought-after locations. The existing buildings in some way are not 

suitable to be (re)-used. When a building structure has endured its full lifetime, the option to 

demolish is likely. The lifespan of buildings is limited, and over time the structure reduces in value. 

When the lifespan of the building is not yet reached, and the structure is in a good state, the choice 

to demolish and rebuild is expensive and leads to a waste of capital.  

This study focusses on structural concrete floors in an existing building structure. The structural floor 

element has endured multiple loading cycles and the associated stresses and strains. In the 

evaluation of the structure, all relevant structural properties of the floor are assumed to be known. 

This includes among other things; thickness, reinforcement section, cover, steel and concrete 

strength and the finish at the top of the floor.  

2.1.1 Loss of structural capacity 

After the collapse of the parking garage at Eindhoven airport in 2017 (Onderzoeksraad voor 

Veiligheid, 2018), soon to be opened at the time, the strength of filigree wide slab floors has been 

under investigation. In the report (Wijte, 2019) the structural safety of the floor principle has been 

assessed and the results show that the structural capacity for specific connections is less than has 

been presumed in previous calculation methods. Resulting in existing building structures with a 

reduced structural capacity and possible un-safe situations. 

2.1.2 Improvement 

Improving the structural capacity of an existing structure is done for many years with multiple 

methods and for various reasons. The case most relevant for this project is where the existing load 

bearing structure is not capable to withstand the desired increase of loads. Using this case, the 

effectiveness of an active adaptive system is assessed. The structural behavior is compared to the 

normal concrete floor and different static improvement methods. The set of methods are assessed 

with the increase of live load on the structure. 

2.2  Active adaptive system 

As opposed to newly designed structures, the field of existing structures combined with an adaptive 

concept, is a relative new matter. From literature study, multiple studies have been dedicated to the 

design of an adaptive structure in combination with conventional building materials such as steel, 

timber and concrete, see chapter: 3.4. In these studies, the design has been implemented in the first 

design steps. Material and connection details have been arranged to function optimal for the active 

adaptive system. In contrast to these studies, the combination of existing building structures with an 

active component is not yet been used. The implementation of active adaptive systems in regular 
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and ordinary building principles can lead to new challenges and obstacles, but it can also reveal 

possibilities in improving building structures.  

The assessment of adaptive controlled systems in existing structural situations requires a different 

method of assessing the structural state over time. The continuous active response to the external 

loading changes lead to a series of equilibrium states over time. The desired response depends on 

the normative structural properties, such as; deflection, stress or strain. This response gives the 

opportunity to change the structural behaviour and impact of the improvement system at any time. 

Any structural element has the capacity to withstand some loading, when the maximum loading is 

occasionally exceeded, the active adaptive system can reduce the maximum deflection, stress and 

strain. The occasional occurrence of maximum loading and the exceeding of the limits of the floor is 

the main design philosophy for the adaptive structure. 

2.3  Architectural 

In the design of a building, the initial focus is on the architectonical appearance. A useful and 

beautiful building is the desire when designing a building. From an architectural point of view, the 

structural height is generally desired and required to be minimal to have maximum free floor height. 

When an external structural improvement is made to an existing structure, material needs to be 

added. This addition effects of the top or bottom surface area of the structure.  

2.4  Research Questions 

The purpose of this study is to obtain insight in the relevant structural properties of the existing floor 

structure for the structural improvement by an active adaptive system. The combination of systems, 

old floor and new active system, has not been analyzed much. Therefore, the steps taken in the 

research are done as an exploratory study to find the possibilities and obstacles for the use of an 

active adaptive system for this particular purpose. 

To be able to properly assess the structural properties of an adaptive system in an existing concrete 

floor the following research question is established. 

Main question: 

• Does an existing concrete floor structure benefit from structural improvement by an active 

adaptive system?  

 

In order to provide proper background and detailed structural justification for the main question, a 

set of sub questions is formulated. 

Sub questions: 

1. What properties of the (existing) concrete structure are critical for the adoption of an 

active adaptive structural element?  

2. How does improvement by an active adaptive system compare to the improvement by 

other, more conventional, methods? 

3. Can the impact on the architectural value/appearance be minimized by using an active 

adaptive structural improvement system?  
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2.5  Analytic Approach  

In this paragraph a “brief” overview is given of the topics cover in the study. The different structural 

systems are introduced, and the relevant calculation steps, criteria and variations used for the 

assessment are introduced. First, the structural base element floor structure is described, to later 

assess the structural improvement by and the benefits of an active adaptive structure for a concrete 

floor. For the assessment 18 floor structures are designs with variations of properties to assess the 

new system.  

2.5.1 Structure types 

The calculations of the different structural systems are based on the same base floor principle. A 

structural concrete floor with steel reinforcement schematized as a simply supported beam. 

Structural properties are assessed based on material properties. The most relevant properties with 

respect to the addition of the active adaptive system are assessed and used in the later chapters. 

The base structure for the calculations throughout the study is: 

- Simply supported monolithic concrete floor     (Chapter: 6. ) 

For the assessment of the structural behavior, the active adaptive principle is compared with 

alternative structural improvement methods. The results from the alternative principles are 

compared and used to determine the advantages of the active adaptive improvement. The 

improvement methods used in the study are:  

- Active adaptive cable truss       (Chapter: 5. &9. ) 

- Carbon Fiber Reinforced Polymer Glued Laminates (= CFRP Laminates) (Chapter: 7. ) 

- Static cable truss        (Chapter: 0) 

In the figure below, structural schematizations are shown for the systems used throughout this 

study. 

 

Figure 2-1 Used structure types in the study; A: Reinforced concrete floor, B: CFRP reinforced concrete floor, C: Concrete floor 

improved by static cable truss and D: Concrete floor improved by active adaptive cable truss 
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2.5.2 Calculation methods 

The assessment of the improvement methods is based on the required material section and 

composition required to improve the floor. To determine the required material each structural 

system is subjected to a series of calculations most relevant for the specific design. From the series of 

calculations and the results the minimal material or composition for the improvement method is 

determined. Different design criteria are used to calculate the required improvement dimension of 

geometry. 

The list below states the most relevant properties and requirements used in this study. All different 

calculation and design steps are combined in a spread sheet program. This allows for fast and easy 

changes of the structure with a complete set of calculations as result. Structural aspects used in the 

calculation steps are: 

• Strength requirements 

• Deflections 

• Vibrations 

• Failure modes 

For each improvement method the most critical structural aspects are addressed in the relevant 

chapters. 

2.5.2.1  Spread Sheet program 

In order to make the required repetitive calculations for different compositions of floor, the 

complete set of calculations is put in a commercial spread sheet program: Excel 2002 by Microsoft. 

The sheets in the program can be used to calculate many possible arrangements of floors, material 

properties and loads. The output is consistent to ensure the possibility for proper comparison and 

evaluation. The large number of calculations and iterations of the steps in the structural calculation 

are critical in the design of a method to assess the structural calculations of a new system.  

2.5.3 Guidelines and Criteria 

The results from the relevant calculations result in the behavior of the floor under various loading 

combinations. In this study the results are assessed on several areas, some are structural 

requirements, but also more practical requirements are added to be able to make a full assessment 

of the structural systems used. 

• Structural safety 

• Serviceability  

• Esthetics (Architectural impact) 

• Practicality  

(1) Applicability  

(2) Maintenance 

(3) Material use 
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2.5.4 Variations  

The different structural systems used in the study have specific advantages and disadvantages. These 

structural systems can be beneficial for some floor configurations but less fortunate for others. The 

assessment is done by the structural calculation of designed floor sections. These floor sections are 

designed with different combinations structural properties. The list below shows the variations used 

in the study. These sections are checked in accordance with the building regulations and 

requirements for each structural system.  

Impact of variation in: 

• Loading levels 

• Structural length 

• Concrete class 

• Reinforcement ratio 

All structural systems are assessed for a specific function change; old loading case with the live load 

of 2,50 kN/m2 and the new loading case with the live load of 5,00 kN/m2. This results in the structural 

requirements for this specific increase of loading. 

For the more in-depth analysis and comparison of the structural systems, one floor structure is used 

to determine the boundaries of the structural improvement methods for a wide range of live loading, 

from 0 kN/m2 up to 10 kN/m2.  

From the range of floor types, with variations in combination with the range of loading situations, the 

structural systems are evaluated and assessed. 
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3.  From literature 

In the following paragraphs, a brief overview of relevant literature is given. 

3.1  Traditional building principles 

The built environment is in general a traditional sector; Building principles used across the world are 

mostly well known and well tested. Building structures are mostly made from reinforced concrete, 

steel, timber or masonry. The materials and building principles are known and trusted by owners and 

builders. The owner of a building trusts the capacities of the construction workers and construction 

company to realise a safe and reliable structure. In the Netherlands the owner of a building or 

building complex is responsible and accountable for the safety of the building by law (Rijksoverheid, 

n.d.). New materials and applications are developed daily to improve the structural capacities, the 

environmental impact or labour intensity. These new systems need to be assessed and verified 

before they can be applied in real building structures. This takes a lot of time and money to develop, 

introduce and promote as new building principle.  

3.2  Vacant building structures 

The current situation in large part of the western society is that cities are getting overbuilt but the 

demand for new building structures remains present. On the contrary, a large part of the real estate 

stock is currently not in use. According to an article on the web page of Locatus.com (Slob, 2019), the 

percentage of vacant buildings in 2019 has increased as opposed to 2018. In the figure obtained from 

CBS below the vacant building surface can be seen per township in the Netherlands for 2019 (CBS, 

2019). In order to resolve the high vacancy percentage, two options arise: Reuse the building or 

demolish the building and build something new. 

    

Figure 3-1 a: Total number of vacant buildings, b: percentage of vacant buildings 

From the total number of vacant buildings, a large part consists of office buildings.  

  

Figure 3-2 a: Overview of vacant office buildings, b: percentage of vacant office buildings (CBS, 2019) 
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3.3  Adaptive Re-use 

The (adaptive) re-use of existing buildings has been taking place all over the real estate market, 

function shifts lead to new demands on existing structures. Over the previous years, most easy 

adaptations have been completed. The long-time vacant buildings, not yet re-used, require more 

change and work in order to be ready for re-use. (Slob, 2019) 

High demand in the real estate market for results in the quick and cheap development of new 

building structures. The quickest and cheapest way is to make use of available, existing building 

structures. With the re-use of existing buildings, structural changes are inevitable. For a new building 

function, finding the perfect existing structure is very rare. Re-developing a building structure can 

lead to implications on the live loads to be calculated on the floors. The change of structural 

requirements and imposed loads need to be considered in the calculation of the building structure. 

These implications can result in a building structure not able to resist the required loading without 

any structural improvement.  

3.3.1 Existing concrete structures 

Concrete has been a reliable building material for many years. The yearly production of concrete in 

the Netherlands is equivalent to 0,75m3 concrete per person. (Kramer, 2020) This happens year after 

year, while on the other hand the vacancy of building structures throughout the country increases. 

With the focus on Circular Economy, a shift in the use of material is requested. The circular economy 

is an economic idea where used materials are put back into circulation, after modification, and no (or 

less) waste is left over. Here, existing concrete elements are crushed and reused as aggregate for 

new concrete, this reduces the new material required. In contrast to the reuse of parts of the 

material, the focus has also been on the reuse of entire structural concrete elements. In the 

graduation project: “Betonskelet als Donor” by; A. Glias, the possibility of re-using existing (prefab-) 

concrete elements in new building structures is evaluated. The feasibility is assessed and it is 

concluded to be technically possible and financially beneficial to reuse existing concrete elements. 

(Glias, Pasterkamp, & Peters, 2014). The structural possibilities have been the focus of the study by E. 

Dolkemade. A plan is proposed how concrete floor slabs are to be assessed on multiple structural 

criteria. (Dolkemade, 2018) 

3.4  Adaptive structures 

Adaptronics describes all aspects involved in the field of adaptive structures and is described by 

Sobek and Teuffel as; 

“It targets to integrate sensors (nerves), actuators (muscles) and a control system (brain) into 

mechanical, optical, acoustical or other systems.” (Sobek & Teuffel, 2001) 

It also describes adaptive structures as;  

“Systems with the ability to manipulate their internal force distribution or to influence their external 

loads – varying over time.” (Sobek & Teuffel, 2001) 

As described by (Sobek & Teuffel, 2001), the concepts of an adaptive system are based on the 

manipulation of the forces, the deflections and the vibrations of structures. An adaptive system has 

the feature to either manipulate the internal force distribution (flow of force) or the total external 

load (reduction of loading surface) on the structure. This manipulation is based on the principles: 

Passive adaptive systems or Active adaptive systems.  
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The first is based on the adaptive behaviour due to a change in geometry or load surface caused by 

external loading. The second group is based on the principle of a change in geometry of stiffness, as a 

reaction to external stimuli, to manipulate the structural response. (Sobek & Teuffel, 2001)  

Controlling the structural behaviour as a reaction to the external loads of situation, provides an extra 

design aspect to take in consideration when designing a building (structure). As a design concept, the 

adaptative behaviour leads to advantages as; weight reduction, vibration control, possible economic 

advantages by saving energy and resources. 

Active adaptive control systems have been designed and tested in various applications, some 

examples;  

- Lightweight adaptive shell (van Bommel, Habraken, & Teuffel, 2016) 

- Infinitely stiff prototype (Senatore, Duffour, Winslow, & Wise, 2018) 

- Double curved shell (Weickgenannt, Neuhaeuser, Henke, Sobek, & Sawodny, 2013) 

- Structural active façade (van Ruitenbeek, 2016) 

- Active Adaptive Concrete Structures (Deetman, 2017) 

- Dynamic Control of Adaptive Structures (Rooyackers, 2017) 

- Viscous Damping in Adaptive Structures (Notermans, 2018) 

 

In the work done by Senatore, a slender lightweight cantilevering 3D 

truss is designed with active elements. These active elements can 

change length to control the deflection at the tip of the structure. See 

figure below. 

Figure 3-3 Prototype of structure used in the work of Senatore 

At the university of Stuttgart, a life size timber shell structure is built to 

research the sensor placement for best results. The active element is 

located at 3 out of 4 supports. By moving the location of the supports, 

the internal force distribution is changed. (Weickgenannt et al., 2013) 

Figure 3-4 Overview of Double curved shell  (Weickgenannt et al., 2013) 

In the work of Rooyackers and Notermans the implementation of the 

active element is done with a cable truss at the bottom of a foot bridge. 

The vibrations in slender base structure, a steel tube section, are 

assessed with the inclusion of an active element in combination with a 

damper. (Rooyackers, 2017) 

Figure 3-5 Shematic view of structure used in the work of Rooyackers and Nootermans (Rooyackers, 2017) 

From the examples mentioned before and other studies on the topic of active adaptive systems, it is 

seen, that the work has focussed on the design of a new structural system with active elements 

included. The function of the adaptive element in structures has had different goals e.g.; optimize 

stresses, reduce deflections or reduction of vibrations. The design of a complete active adaptive 

structural system results in the optimization of the material, the internal forces or the deflections. 

The inclusion of the active adaptive element in the design, results in the most optimal determination 

of the boundary condition for the required goal. The different applications have shown different 

possibilities of the various adaptive systems with positive results.  
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4.  Methodology 

In this chapter, the most relevant steps and assumptions are addressed. The point from this chapter 

function as base principle for the rest of the study. 

4.1  Scope 

For the evaluation of the floors in this study, specific limits and boundaries are set to narrow the 

scope and find more clear results. The study focusses on monolithic concrete floor structures. The 

slab layout is limited to one span from one support wall to another.  

The assessment of the structure is based on the full knowledge of the existing floor and the concrete 

section. Material and geometrical properties are known and suffice with the minimal structural 

required levels, to make structural improvements to the floor.  

The use of a floor structure and movement of people on the floor leads to vibrations of the entire 

system. In chapter 4.5  the limits for these vibrations are addressed. The limits are based on the 

possible functionality and discomfort, the exact dynamic behavior of the structure does not fall 

within the scope for this primary structural assessment. 

The relevant loading situations used for the structure are based on the old design load and the new 

maximum design loading.  

The initial visual and structural check for the possibility to strengthening of the floor, does not fall 

within the scope of the study. The structural properties of are stated and are assumed to be fulfilled. 

The structural minimal improvement for the various methods is found as a result of this study. 

4.2  Situation 

To test the potential of active adaptive systems as a structural improvement method, the new active 

system and the main structural floor element need to be assessed. For the study an existing floor 

structure in a building is used. The building and floor structure had a specific function and 

corresponding loading.  

A building consists of multiple structural elements and each of them 

has a specific structural role. When the structural loading situation 

changes, the complete structure needs to be evaluated. The results 

from the study expose the issues, the possibilities and the necessary 

work to adjust the structure.  

The load bearing structure of the building is capable to withstand the 

increase of loading on the floor structure and is not subject of this 

study. Since the floor structure is one of multiple in the building, the 

improvement structure needs to have minimal effect on the underlying 

floor.  

 

 

Figure 4-1 Outline of possible building structure where first floor is improved 
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4.3  Floor Structure outline 

In order to narrow the scope of this study, the focus is on the structural floor elements. The external 

loading is applied on a surface of the floor through the shear force in the floor, the flow of forces is 

led to the vertical structural walls and/or columns.  

4.3.1 Control over existing structure 

The steps in the study are based on detailed material and geometrical properties. For the 

implementation of the adaptive system it is crucial that the most relevant properties are known. 

Relevant structural elements and properties are: 

- Exact geometry (e.g.: Span, height, width) 

- Concrete (e.g.: Material quality, height, effective thickness) 

- Reinforcement (e.g.: Material quality, section, cover, layout) 

- Supports 

- Loading history  

In addition to the information about the structure itself, the external properties need to be checked. 

Before any improvement can be added, the existing structure needs to be checked for any flaws or 

damages which could be a sign of structural risk. The improvement methods are relying on the 

capacity of the existing floor in stiffness and strength.  
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4.3.2 Euler-Bernoulli beam  

The focus in this study is the assessment of a static state, the loading present on the structure is 

acting vertically. In general, concrete floors have a high self-weight compared to the external 

imposed loading. In combination with the scope of the primary assessment of the concrete 

structures, the dynamic effects of the loading are left out of this study. The floor structure is 

schematized as a beam on two supports, one hinge and one roller.  

 

Figure 4-2 Structural scheme of base floor structure 

With a slow increasing load, over time each loading step is seen as a state where the external loading 

and the internal stresses in the structure are in equilibrium. Used in this study is the Euler-Bernoulli 

equation, describing the relation between the applied loading and the deformation of the structure. 

���� � ��
��� 	
� ∗ ����� �      4-1

The general formula of Euler-Bernoulli, in combination with Hook’s law (4-2) is the base for the 

structural calculations. Hook’s law describes the relation between the stress and the strain.  


 � � �⁄        4-2

In combination with the constitutive relation of the Moment ��� and rotation ���, the derivation of 

the Euler-Bernoulli relation leads to the following relations used in this study. Below, formulas for the 

deflection (����), the rotation (����), the bending moment (����) and the shear force (����) are 

given with relation to the external load in the floor: ����. 

���� � � ������   �  ��� ∬ ∬ ������ 

���� � � ��� ������  �  ��� ∭ ������  

���� � � ������   � ∬ ������ 

���� � � ������   � � ������ 

����    � ���� 

4.3.3 Structural Boundaries 

Concrete structures are generally designed to function as the primary load bearing structure to divert 

the external loading on the surface of the floor to the loadbearing walls or columns. On the other 

hand, the large, continuous surface functions as a plate to distribute the horizontal forces from the 

façades to the walls. These horizontal forces are not taken in consideration in the internal force 

calculations. 
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In the design of a floor structure with the main span in one direction it is common to evaluate a 

section of a specified width of the slab. Prefabricated floors, e.g.; filigree floors, hollow core slab or a 

ribbed floor system, consist of coupled prefabricated elements. In the table below, standardized 

widths are shown for prefabricated floor types. (NBD redactie, 2017) 

Floor type Standardized width 

Filigree floors 2400mm, 3000mm 

Hollow core slabs 1200mm 

Ribbed floor system 900m, 1200mm, 2400mm 
Table 4-1: Standardized floor widths for (partial-) prefabricated floor elements 

In the calculation of the floor structure with a relatively small width, the loading on the structure is 

converted to the width by multiplying the loading per square meter surface with the width of the 

floor. This results in the direct stress on the element and makes the calculation of the specific 

element clearer. In contrast to the floor types composed of prefabricated elements, a concrete floor 

realized on the building site, has no specific width as the complete floor is poured as one piece. In 

this case the required strength of the floor is generally based on a section of the floor with a width of 

1,0 meter. The structural capacity is than expressed as resistance per meter width (��� ����  � ! "�) and the reinforcement is expressed in mm2 per meter (#$ � ""% � ! "�). This width 

is used throughout the study and is not explicitly stated each time. 

 

Figure 4-3 Floor section from continous floor slab 

For the evaluation of the floor, a one-meter section is taken from a wider continuous floor slab. As 

the total width is far greater than the assessed 1-meter section, the boundaries in the secondary 

direction are not relevant. The floor slab is only supported at two sides and the other sides are free 

to move vertically ����.  
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4.3.3.1  Main Load bearing direction 

For the main structural system, the floor is schematized as a simply supported beam on a hinge and a 

roller support. The boundary conditions are: 

- Vertical movement is restricted   ��#� & ��'� � 0 

- Rotations are free   ��#� & ��'� � )!   

Structural system is shown in figure below. 

 

Figure 4-4: Structural outline of concrete floor left: floor on walls, right: Structural scheme with load 

The floor is the element directly loaded by the acting live load as a result of the use of the building. 

The reaction caused by the loading shows directly in the deformation of the element. Deformation of 

the floor leads to the curvature of the element and the rotation at the supports.  

4.3.3.2  Width of the floor (secondary direction) 

The boundaries conditions between two adjacent 1-meter sections are: 

- Vertical movement is coupled   ��#� � ��'�  )*! +,-+!./0!+!- 1+23  

- Rotations along edge is coupled   ��#� � ��'� � 0 

This is valid for C and D similar as for A and B. 

 

Figure 4-5  Boundary conditions for floor section 

The load is spread evenly over the floor width, see Figure 4-5. This means the floor section can be 

schematized as a beam element, with a width of 1000mm. The deformation of the floor in the 

secondary direction is neglected as the load is spread constant over the width of the floor and 

therefore the beam element. 

4.3.4 Calculation with Eurocode 

The structural requirement of a structure needs to meet and the way a building function is translated 

to an acting load, is described in the building code. In Europe in general this code is the Eurocode, 

general and material standards rules and guidelines are given to safely design a building structure. 

The complete set of codes consists of multiple parts, most important in this study are: NEN-EN 1990 
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and NEN-EN 1991 for general rules for structural design and NEN-EN 1992 for concrete structures. 

The Eurocode is extended to fit the specific requirements per country, this is done by adding the 

National Annex to the Eurocode.  

In the Eurocode, the rules and guidelines for designing and controlling new building structures are 

described. In addition to the design of new structures, the methodology for the analysis of existing 

structures is stated. In the Netherlands this part is called: NEN-EN 8700 (BRON). In this code, the 

loading combinations and material factors for the structural calculation are described with respect to 

existing structures. Compared to the calculation of new structures, the safety factors can be reduced. 

This gives the structural engineer more tolerance for change in loading without exceeding the 

maximum loading for a specific structural element.  

4.4  Loading 

The external load on a building structure consists of two parts; permanent loading from the building 

itself and imposed (live) load from the use of the surface. The total loading present causes shear 

forces and bending moments over the length of the floor. The unit for the loading on a surface is 

expressed in kilonewton per square meter (45/"%� and the width of the floor is one meter, the 

acting line load is: kilonewton per meter (45/"��. For the calculation of the internal forces, the 

permanent and live load act as constant line load over the length of the floor.  

 

Figure 4-6 Overview of structure 

In the structural building codes, the structural safety is based on the maximum loading on a structure 

named: Ultimate Limit State (ULS). The usability needs to suffice for another loading combination, 

the Serviceability Limit State (SLS). The values for the limit states are given in the Eurocode. 

4.4.1 Permanent load 

The loading from materials used in the construction of a building is called permanent loading. This is 

the mass present throughout the lifespan of the building. Al materials have a specific weight which 

combined with the used thickness leads to the mass and is calculated to a loading value. In the graph 

below the specific weights of some conventional construction materials are shown.  

Material Relative density (kg/m3) 

Timber 700-1000 

Steel  7800 

Bricks and Mortar 1600-1900 

Reinforced concrete 2500 

Cement 2000 
Table 4-2 Relative density of building materials (https://www.joostdevree.nl/bouwkunde2/volumieke_massa.htm 28-08-

2020) 
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Permanent loading on a floor structure consists of: 

- Self-weight of structure 

- Top layer of floors  

 

Figure 4-7 Cross section of concrete floor. 

The self-weight is the floor is determined as:  

 �$789 � Thickness of floor section ∗ Width of floor section ∗ Mass 

With the mass of the reinforced concrete of 25 kN/m3  

The top layer of the floor surface is assumed equal for all floor calculated throughout the project. The 

layer consists of a 5-centimeter-thick cement layer.  

 �9KLK$M � Thickness of floor section ∗ Width of floor section ∗ Mass  

  Loading from top layer = 1,00 kN/ m2 

4.4.2 Live load 

The utilization of building structures leads to loading of the structure. Depending on the function of 

the building and the part of the floor, the loading is determined. The Eurocode gives the loading 

values from specific functions. In the table below the used loading values are shown. 

Class qk 
(kN/m²) 

A-Residential floors 1,75 

B-Office space 2,50 

C-Meeting rooms 5,00 

D-Shopping floors 4,00 

E1-Library floor 2,50 

E2-Industrial use 4,00 

H-Roof structures 1,00 

Table 4-3 Characteristic values Loading on floor surface, per function 

The specific function change as discussed in this study is from the use for office space with 2,50 

kN/m2, to the use as a meeting room for large groups of people with 5,00 kN/m2. 

The secondary assessment with the variation of live 

load is not function based. The increase by small steps 

from 0 kN/m2 up to 10 kN/m2 gives insight in the 

changing structural properties of the floor and the 

complete structural system 

Figure 4-8 Deformation of floor from loading 
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4.4.3 Loading combinations 

The loading from the permanent and the live load are added to find the total loading on the 

structure. Different combinations of loading are used to calculate the maximum internal forces and 

the maximum deflections. In Table 4-4, the factors for the combinations in accordance with the 

Eurocode are stated. (NEN, 2011b) 

In the combination of the live and permanent loading cases, the load cases are multiplied with the 

relevant load factor marked as: γL. These load factors are used to find the design values from the 

base structure. This design value is used to ensure a safe margin for the calculated load and the 

actual loading on the structure.  

Consequence class OP: Permanent loading OQ: Live load 

 a b  

CC1 1,22 1,08 1,35 

CC2 1,35 1,20 1,50 

CC3 1,40 1,25 1,65 
Table 4-4 Load factors per consequence class from Eurocode 

Consequence classes are based on the harm inflicted when failure occurs. This harm is based on the 

amount of lives lost and economical loss. Class CC1 is meant for single family residential buildings or 

factory buildings with limited personnel. CC3 is meant for vital buildings with large dimensions or 

large number of users, more than 500. That leaves class CC2, here all other buildings are assigned to 

for example: residential complexes, shops, offices and schools. 

In the list below the loading combinations from the Eurocode are stated. The combinations are used 

for various parts in the calculation, each loading combination is used specific calculations.  

• �S= permanent loads in kN "%U  

• �V= Live loads in kN "%U  

Loading combination Used for: WX � OP,Z ∗ WP +  OQ ∗ WQ  Ultimate limit calculation WX � OP,\ ∗ WP +  ]^ ∗ OQ ∗ WQ  Ultimate limit calculation W_ � WP + WQ  Serviceability calculation WW` � WP +  ]a ∗ WQ  Long term effects WbcdW � WP +  ]e ∗ WQ  Crack width calculation WX,Z � WP +  ]a ∗ WQ  Extraordinary loading calculation 

Table 4-5 Loading combinations used in different calculations 

The design values of the permanent and live loads are combined to find the sum of loading on the 

structure. As seen in the table above, the value of the live load is in some cases reduced with ΨL. This 

factor is based on the part of the live load present at a particular time. The value of the combination 

factor depends on the function of the floor and the calculation for which the loading is used.  

• gh is used for maximum combination values 

• g� is used for frequent combination values 

• g% is used for quasi-permanent combination values 
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Table 4-6 Combination factors based on the function of the floor 

The strength of the floor is determined for the maximum value of the �� (ijk). This is the maximum 

value on the structure. Floor in this study is calculated in accordance with safety class CC2 from 

Eurocode. The function of the building and floor is an office building, the relevant safety factors and 

combination factors are. 

• γS,l � 1,35  

• γS,p � 1,20  

• γV � 1,50  

Used combination factors for this study: 

• gh �  0,5  

• g� �  0,5   

• g% �  0,3    

4.4.3.1  Accidental loading 

For structurally improved floors, on top of the ULS and SLS requirements, the accidental loading 

situation is of importance. This loading case is used to check the structure when the loss of structural 

capacity of the improvement occurs. For this situation, reinforced concrete section is required to 

withstand the loading. (Niemantsverdriet et al., 2007) 

This accidental situation applies for all types of improvement, which lose the structural capacity 

when damaged. In these cases, the accidental load combination needs to be used.  

��,l � �S +  g% ∗ �V   

��,l � 18 ∗ ��,l ∗ 2% 

��� ≥ ��,l  Moment check (with reduced load and material factor) 

The accidental loading combination for an improved structure is based on the new live loading 

situation. Structural improvement for increased this live load is not possible if the requirement for 

the accidental loading case is not fulfilled.  

  

Loading from function t^ te ta 

Category A: Residential buildings 0,4 0,5 0,3 

Category B: Office areas 0,5 0,5 0,3 

Category C: Congregation areas 0,6/0,4 0,7 0,6 

Category D: Shopping areas 0,4 0,7 0,6 

Category E: Storage area 1 0,9 0,8 

Category F: Traffic area (≤30kN) 0,7 0,7 0,6 

Category G: Traffic area (30kN ≤ 160kN) 0,7 0,5 0,3 

Category H: Roofs 0 0 0 
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4.4.4 Time 

The deformation as a result of direct loading can be calculated from the relation between the 

bending moment and the deflection by using the stiffness of the element. In addition to this 

instantaneous deflection deformations in a building structure increase over time as a result of creep 

in the material. Creep is the time dependent strain of a material under constant stress. The short- 

and long-term loading situations are determined to calculate the total deflections as precise as 

possible. The structural improvement methods react differently to the extra deflection over time. 

 

 

Figure 4-9 Total Deflection with instantaneous and long-term effects 

4.4.4.1  Long-term loading 

The permanent loading is the main part in the long-term effects. In addition to the permanent 

loading, over a long period of time the live loading is present for parts of the time. The stress levels, 

as a mean value of the live loading, contribute to the long-term effects. In the formula below, the 

calculation of values for quasi-permanent loading is shown. 

�uv � �S +  Ψ% ∗ �V    (Long term loading)    4-3 

Ψ% � 0,3  

The value of Ψ% is constant for the loading throughout the research. 

For the assessment in the study, the combination factor for the variety of loading situations is kept 

constant. For a larger combination factor, the quasi permanent loading is larger and the effects of 

the creep over time will increase. This variation is kept out of the equation for the focus on the effect 

of the structural systems and the increase of loading. 

In the study, the time dependent effects, creep, play a role for all loading levels. After the new 

loading is applied, the extra deflection as a result of these long-term effects increases for the 

corresponding loading level.  

4.4.4.2  Short-term loading 

In the actual loading situation, the level of loading is directly caused by the permanent and live load. 

The maximum loading combination for the calculation of the deflections is based on the 

characteristic combination as shown below. The load factor for both permanent and live loading is 

equal to 1,0. 

�w � �S + �V            4-4 
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4.4.5 Increased Loading 

This study is based on the requirement of structural improvement for a concrete floor structure. This 

improvement needs to take care of the residual bending moment and excessive deformation. The 

critical properties are: 

- Loading/stress at moment t=0, time of application of the structural improvements.  

- Acting moments in the floor section 

- Effects of long-term loading 

- Use of floor (= live load) 

- Exceptional loading/ only occasional exceeding limit value 

The live load is a combination of people and furniture on the floor. As the live loading changes from 

people on the floor structure, the loading is increased slowly by people walking in. 

For the calculation in this study initial deflection is assumed to be present. The deflection without 

any live load is equal to the direct deflection from permanent loading and the deflection from long 

term effects, caused by the old loading situation. 

4.4.5.1  Function change 

The structural properties of existing floor structures are determined when the building was designed 

initially, here the live loads are determined based on the function at that time. The floors and floor 

section are designed and built accordingly. In the new situation the function change leads to a new 

live load on the floor, which results in the insufficient strength of the structure for this situation. 

Throughout the study the old and new live loads are taken as: 

Old live loading:  2,50 kN "%U    (Office space/ building) 

New live loading:  5,00 kN "%U   (Open meeting space) 

The structural safety class for both the old and the new situation is CC2, the required level of safety 

factors remains. 

In the table below, the loading and combination factors for the relevant loading situations are 

shown. To keep the focus on the structural behavior the factors concerning the loading combinations 

are kept constant for the function and loading change. 

 Old loading 

situation 

New Loading 

situation 

Variable loading 

situation 

Function Office building Meeting room Variable WQ (xy zaU ) 2,50 kN "%U  5,00 kN "%U  0 − 10,00 kN "%U  OP,Z 1,35 OP,\ 1,20 OQ 1,50 t^ 0,5 te 0,5 ta 0,3 
Table 4-7 Loading and combination factors used in the study 
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4.4.5.2  Acting Loading 

In an active adaptive system, the loading is directly the input for the system. The loading initiates the 

deformation, stress levels and reaction of the system. The maximum loading combinations (ULS and 

SLS) should result in a safe and functional building structure, but the actual deformation as a result of 

these acting maximum loading situations lead to the internal forces of all components in the system. 

With the use of safety factor γS � 1,00 & γV � 1,00 for the calculation of the stress and 

deformation of the system, the acting loading levels are represented best.   

4.5  General Criteria  

The evaluation of a building structure in structural engineering is based on a combination of factors, 

structural safety and serviceability. In the assessment of structural safety, the strength of the 

structure needs to withstand the maximum loading (ULS). For the maximum loading a loading 

combination, most unfavorable for the situation, the structure needs to be structurally safe. The 

strength is a mechanical property which is satisfied or exceeded. In contrast to the structural safety, 

the serviceability is a criterium based on comfort and durability of the structure. On top of the 

structural properties, the structures are evaluated based on other criteria. The internal stresses and 

deflections are a direct result from the internal force distribution and geometrical outline, the other 

criteria have no structural measurable properties. For the comparison of all structural principles, 

these criteria highlight important non-structural properties. In the next paragraphs the most relevant 

aspects for each criterium is discussed in more detail. 

In the next paragraphs the most relevant aspects for the criteria are discussed in more detail. 

General criteria: 

a) Structural safety 

b) Serviceability  

c) Esthetics (architectural) 

d) Applicability  

e) Maintenance 

4.5.1 Structural Safety 

The main job for a structural engineer is to create a safe and reliable building structure. In the design 

of a structure, the maximum allowed forces on the system are based on the strength of the material 

and the section. The external forces and corresponding moments and shear forces must remain 

within the structural resistance of the element. 

��w < ��w    
And similar for shear forces and axial forces: 

��w < ��w    
5�w < 5�w  

The structural safety is ensured by converting the characteristic values, (subscript Rk), of the loading 

and resistance into the design values. The design values of the material resistance, (subscript Rd), are 

done by including variations in material quality. With the inclusion of this material factor, the 

resistance of the material is based on the lower limit of strength value. 

��� � ��w }~l�7�Kl8U   4-5
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The material value, }~l�7�Kl8 , is based on the deviation in material strengths and quality. For 

reinforced concrete the material factors are: 

- Concrete:  }��L��7�7 � 1,50 

- Reinforcement steel:  }$�778 � 1,15  

On the loading side of the equation, the characteristic value of the loading (subscript Ek), is increased 

to ensure the absolute maximum loading on the structure is used in the calculations. 

��� � ��w ∗ }��l�KL�    4-6

As the loading is composed of a part permanent and a part variable loading, the use of specific safety 

factors is required for each type. For structures in safety class CC2 the factors are: 

- Permanent loading:  }S � 1,20 /1,35  

- Variable loading:  }V � 1,50 

As the safety factors are used for the part of the live and permanent loading, the impact of both 

safety factors relies on the ratio of permanent and live loading with respect to the total loading level.  

4.5.2 Serviceability 

The acting loading from the usage of a floor structure leads to deformations and moments. From this 

loading, the structure deforms and deflects. In combination with the static deformations from the 

loading, the floor has a dynamic response to the movement on top of the floor. The deformations 

and vibrations of the system need to remain within limits which are based on the usability of the 

system. The user cannot experience discomfort or hinder from large deformations or vibrations. 

4.5.2.1  Deflections 

Deformations are a direct result of the loading on a structure. The stiffness of the structure 

determines the relation between the loading and the displacement. This relation for reinforced 

concrete sections is elaborated in more detail in paragraph 4.3.2. The total deflection of a structural 

element is a summation of multiple deformations. 

The calculation of deflections is based on the characteristic values of the loading. In the Eurocode the 

safety factors used for calculation of the deflections are: γS  & γV are both 1,0.  

4.5.2.1.1 Deflection limit states from Eurocode  

The maximum deformation of structural elements is limited in accordance with the Eurocode. This 

limitation is based on the function of the floor surface. For plate and floor elements, the maximum 

allowed deflections are defined below. 

��l�  ≤ 0,004 ∗ 2 ���v  ≤ 0,004 ∗ 2 (for Roofs) 

 ≤ 0,003 ∗ 2 (for Floors) 

 ≤ 0,002 ∗ 2 (for Floors with walls) 
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Figure 4-10 Overview of deflections as described in the Eurocode (NEN, 2011a) 

4.5.2.2  Vibrations 

Static calculations are done to ensure the maximum loading leads to a structure which is still safe and 

usable. These initial limits that are checked are static cases, for example: the maximum bending 

moment can never exceed the resistance of the floor. The actual use of a floor surface is part static 

loading, furniture and finishing, but mostly the people on the floor surface. The movement of people 

leads to movements and vibrations in the floor.  

Small vibrations in a floor are acceptable and mostly not even noticeable, but the function of the 

floor surface leads to the limit of the vibration. Calculation of the vibration limit is based on the OS-

RMS (One Step-Root Mean Square) step method as described in ” Design Guide for Floor Vibrations”  

and the corresponding background document by (M. Feldmann, Ch. Heinemeyer, 2008). In the design 

guide, the assessment of the vibrations is done based on the vibrations caused by people walking. 

The OS-RMS method is designed in accordance with research (Hicks et al., 2006) on vibrations for 

industrial, office, residential and public building and gymnastic halls. The step velocity and impact on 

the floor are based on the step intensity of 90% of all people. The vibrations caused by the step 

method may cause any discomfort for the user of the structure.  

In the scheme below from Design Guide for Floor Vibrations (M. Feldmann, Ch. Heinemeyer, 2008), 

the recommended maximum values for the value of the OS-RMS value are given. 

 

Figure 4-11 Classification of floor response for application classes (M. Feldmann, Ch. Heinemeyer, 2008) 
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The OS-RMS step value is determined by calculating the natural frequency and the modal mass of the 

system. Both values are put in a graph from the guideline and the OS-RMS value for the structure is 

found. See the graph below as example.  

 

Figure 4-12 OS-RMS step graph, from (M. Feldmann, Ch. Heinemeyer, 2008) 

4.5.2.3  Crack widths 

Increasing moments lead to more curvature, strains and the increase of crack widths of the cracked 

section of concrete. When the reinforcement is open to the air/humidity corrosion can occur on the 

surface of the steel. The extra corrosion can reduce the strength of the steel and lead to breaking of 

the concrete cover due to expansion. For structures inside buildings, where the humidity of the air is 

low, the crack width does not affect the durability and the maximum crack with is set to limit the 

visual hinder. The surface with large cracks is not appealing and can give the appearance of failure.  

The maximum crack-width is set in the Eurocode to: 

 ��l� ≤ 0,40""   4-7

4.5.3 Esthetics 

One of the main structural benefits of an active adaptive system is, control of the internal forces. The 

external placement of an (active) structural element results in the implication of the free area above 

and below the floor structure. This nuisance must be kept to a minimum. The amount of nuisance is 

difficult to dignify, so the main objective is to design an active adaptive system which leads to 

minimal implication to the floor space below. This should hold for the case where the system is active 

(in use) and when it is inactive (not in use).  

4.5.4 Applicability 

Various structural improvement methods are applied on the existing structure in different ways. The 

amount of work required to create a fully functioning system could be critical in the choice of system. 

Important factors for the application and the impact it has on the choice of method depends on: 

Limitations by: 

o Material of improvement type 

o Existing floor 

o Existing supports 
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The structural connections need to be performed to ensure the best cohesion between the old and 

the new. The existing structure needs to be kept unchanged as much as possible. In addition to that, 

the work during application is critical, minimal work leads to the fast and easy adaptation of the 

building and re-opening. 

After realization of the improvement, the systems need to be tested to see if the applied 

improvement does what it is supposed to do. Especially with an active adaptive system, the actual 

structural behavior of the existing structure needs to be checked with the structural assumptions. 

The systems need to be calibrated to function properly and due to the changes function, verification 

checks need to be done regularly.  

4.5.5 Maintenance 

For the owner of a building, maintenance over time costs time and money without directly resulting 

in more income. Therefore, the assessment based on extra work is added in the comparison of all 

improvement methods. It has not been fully worked out and compared, but with the initial 

assessment the mutual differences become clear. 

 

  



26 

 

4.6  Structural improvement methods 

In multiple building situations the improvement of the existing concrete floor is compared. Various 

strengthening methods are compared. Important is the minimal adjustments needed to be made to 

the existing floor and building structure. Top of the floor is kept in the original state mostly.  

The use of an active adaptive system is not the first option that comes to mind. By looking at the 

unorthodox and alternative method in more detail, the structural system can be judged with proper 

reasoning. In order to have a frame of reference, improvement by using more common methods is 

looked at in detail and the results are compared to the additional effects of adding an active adaptive 

element in the otherwise static structure. The methods used are glued Carbon Fiber Reinforced 

Polymer Laminates and a static cable truss. In the next parts, both methods are worked out in more 

detail. 

4.6.1 Carbon Fiber Reinforced Polymer laminates 

By adding a CFRP laminate to the bottom of a reinforced concrete floor, the stiffness and strength 

are increased. 

 

Figure 4-13 Overview of CFRP reinforced floor structure 

4.6.2 Static cable truss  

The implementation of a prestressed cable truss, the internal force distribution is permanently 

changed. The prestress is added to reduce the bending moment and maximum deflection for the ULS 

and SLS calculation values of the external loads. 

 

Figure 4-14 Overview op static cable truss on a floor structure 

4.6.3 Active adaptive Cable truss 

With an active actuator with variable length, a cable truss with minimal starting height is stressed to 

introduce an upward point load onto a loaded floor structure when required. This point load affects 

the internal force distribution to ensure the limits are not exceeded. 

 

Figure 4-15 Overview of active adaptive cable truss on a floor structure  
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5.  Global assessment Active Adaptive system 

This chapter focusses on the general aspects of the active adaptive structural system used for the 

improvement of the floor structure. The general structural properties and the structural system is 

addressed. In chapter 9, the results from the active improvement are compared to the results from 

the calculations of the concrete floor and the static improvement methods; Carbon Fibre Reinforced 

Polymer laminates and static cable truss. This comparison elaborates the structural usefulness of the 

adaptive system. 

5.1  Adaptive principle 

The implementation of an active controlled system in a structural system, has the benefit of having 

control of the force distribution. The description of (Sobek & Teuffel, 2001), perfectly states the 

outline:  

“- active force and/ or stiffness control can be used to manipulate the internal flow of forces and 

stresses in structures.”  

The control over the internal flow of forces means maximum forces and deflections are controlled. 

The active change of the structure results in having the desired stiffness and strength when the 

loading situation calls for it. This includes, no active improvement when the maximum values remain 

within the allowable limits. An active system in combination with a structure like an existing concrete 

floor, is not required to act constantly, as the structure has its own capacity. In the figure below, the 

active force is shown with respect to the increasing line load (��) and the bending moment. The 

active force only starts to act when the limit for the bending moment is reached.  

 

Figure 5-1 Active force vs Acting loading 

The system is loaded by acting load on the floor. People walking on to the floor and the furniture 

result in the increase of loading. This increase will be a gradual process over time and will be 

relatively slow. When the loading reaches the critical loading, the active systems starts to react and 

reduce the bending moment. This allows for an increase of loading without the internal stresses or 

the deflections to exceed the limits. 

When the structure is not active, the structural height is minimal. This results in the minimized 

nuisance on the underlying floor.  
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5.2  Design of an active adaptive structure 

In this study the initial assessment of active adaptive systems in combination with existing concrete 

(floor)-structures is the objective. Initially, the general structural aspects of an active adaptive system 

are dealt with.  

External adaptation of a structural system can be done in multiple ways: 

- At supports 

o Rotations (Figure 5-2B) 

- At a maximum stress and strain 

o Introduce force (Figure 5-2A) 

 

Figure 5-2 External active force introduction  

The floor structure is a simply supported beam with maximum moments and deflections at mid-span. 

The use of an existing building structure limits the options for introducing an active force. To function 

as a base for the reaction forces from the system, the materialisation and quality is critical. The walls 

are designed to carry the vertical loading from the floor, the perpendicular reaction or extra moment 

on the wall is not included in the original design. The reduction of the maximum deflections and 

bending moment is most efficient for this structure at the location of the maximum moment and 

deflection values. The active component is placed at midspan under the floor structure for the best 

and most direct result.  

 

Figure 5-3  Drawing structural system with the system inactive and the system active 
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5.2.1 System overview  

The system is schematized as the combination of two structural systems, connected at midspan. The 

floor structure as a simply supported beam element and the cable truss with a minimal starting 

height. When the loading increases and reaches the critical loading for the floor structure, the active 

element reacts and increases in length. The force at midspan is the result of the elongation between 

the bottom of the floor and the cable truss. From the stiffness of the floor structure and the cable 

truss, the deflection equilibrium is determined and the force in the actuator is calculated. The 

horizontal reaction forces from the cables are introduced into the floor through the connection at 

the bottom of the floor.  

  

Figure 5-4 Outline of structural system with: Concrete floor, Actuator and cables. 

In the figure below, the base principle for the active structure is shown. For an increasing load, the 

bending moment increases. At a certain loading level, the critical bending moment is reached and to 

allow further increase of loading, the active element is required to reduce the sum of moments. This 

sum of moments remains within the limits and the loading can increase. 

 

Figure 5-5 Overview of an increasing live load with a critical loading level and the activation of the active system. 
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5.2.1.1  Concrete floor 

The floor element is the base for the assessment of the active adaptive system. The floor has the 

capacity to resist certain loading. The increase of loading over the maximum capacity of the floor is 

possible when structural improvement is applied.  

The bending moment in the floor leads to an internal stress distribution, with compression in the 

concrete and tension in the steel. The stress leads to strains in the concrete section which are 

measured to determine the acting moment and therefore the loading on the floor.  

Deformation and bending moments in the concrete floor are coupled via the relation: 

���� � � ������ �  1

� � ���� �� 

5-1

In the later steps of this study, the relation of the deflection and internal is addressed in more detail. 

5.2.1.2  Actuator 

The active force introduction is done by a variable height actuator. This actuator is placed under the 

floor structure at midspan. The elongation of the actuator leads to an upward point load on the floor 

and a downward point load on the cable truss. The compressive force in the actuator is referred to 

as:  

�l�,�vl��$ � �l�,��Ll��$   5-2

  

 

 

 

 

 

 

Figure 5-6 Forces from actuator with variable length 

From the actuator, the length and the axial force are constantly known and the values serve as input 

for the calculations. In the calculation, the stiffness of the actuator is assumed to be infinite as the 

focus is on the concrete floor and the resulting force from the actuator. The actuator is in connection 

with the control unit, which calculates the required action for the system. The constant flow of 

information (e.g.: strains, compression force and elongation) ensures the constant control over the 

system.  

The actuator introduces a force by its elongation but in combination with the information about the 

length and the force acting, the force acting on the floor can be determined.  

To minimize the architectural impact of the active system, the stroke of the actuator is a crucial 

factor. When the strain levels remain within the limits, no reaction is required from the actuator and 

the height can be minimal. The difference of the minimal and maximal height is the limiting factor for 

the actuator in the system. In chapter 9. the calculations on the structural behavior are elaborated 

and the required output parameters for the actuator are assessed.  
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5.2.1.3  Cable truss 

The force of the actuator leads to an upward reaction in the floor structure as the downward 

reaction is taken by a cable truss consisting of two cables. 

These cables are both connected to the bottom of the actuator and each cable is connected to the 

concrete floor near the supports. The height difference between the bottom of the actuator and the 

bottom of the floor determines the resulting force in the cable in respect to the force in the actuator.  

 

Figure 5-7 Forces from actuator on cables, concrete floor and walls 

5.2.1.3.1 Cable type 

For the evaluation of the active adaptive system, a spiral strand cable is used. The properties of the 

cable are taken from the product sheet from SWR (SWR, 2020). The product sheet is included in the 

appendix I. The cable is constructed with round wires, positioned in multiple layers around the core 

in a helical geometry (SWR, 2020). The wide range of thicknesses and the extensive material 

properties give the opportunity to find results with varying cable sections. 

  

Figure 5-8 Section of Spiral strand cable (SWR, 2020)  

In the study, cable diameters of 10 mm and 24 mm are compared. The modulus of elasticity for the 

cable is 130kN/m2. The cable is assumed to have a linear stress-strain relation. The material 

properties according to SWR: 
 

Nominal 

diameter 

Minimum 

breaking 

load 

Charact. 

breaking 

Load 

Design 

load 

Metallic 

Cross 

Section 

Stiffness Weight 

Diameter [mm] [kN] [kN] [kN] [mm2] [MN] [kg/m] 

10 10 87,7 79 52,6 60,7 7,9 0,5 

24 24 489 440 294 350 45,5 2,9 

Table 5-1 Cable properties from (SWR, 2020) 
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5.3  Bending Moments floor section 

The external loads on the structure result in the acting moment on the floor. For the assessment of 

the behaviour of the floor, the moments over the length of the floor are used. The total bending 

moment in the floor is the result of the line load from the use of the floor, the point load from the 

actuator and the axial force with eccentricity. 

5.3.1 Moment from constant q-load 

The external loading on the floor is assumed to be a constant line load. From the constant line load, 

the shear force and moment over the length of the floor is described. With the boundary conditions 

the distribution is calculated as follows: 

 

Figure 5-9 Constant line load with corresponding Bending moment and Shear force lines 

q(x) =  -> Constant 
��~��� � {��       

V(x) =  -> Linear ���� � �~�� � {�� ∗ � + ��    

M(x) =  -> Parabolic ���� � { �% ∗ �� ∗ �% + �� ∗ � + �%     

With boundary conditions at supports: 

��0� � 0 →     �% � 0 

� ��% ∗ j� � 0 →    �� � �% ∗ �� ∗ j 

So:  

���� � {�� ∗ � + 1 2U ∗ �� ∗ j   5-3

���� � { 1 2U ∗ �� ∗ �% [ 1 2U ∗ �� ∗ j ∗ �  5-4

The function for bending moment is continuous over the length of the floor. 
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5.3.2 Moment from Point load  

Since the force from the system is a concentrated point load, the value of shear force is not a 

continuous function over the length. In result the moment distribution is also a discontinuous 

function. 

 

Figure 5-10 Point load with corresponding bending moment shear force and lines 

F(x) =   -> value  ���� � 1+23    
��~��� � {� 

V(x) =  -> Constant ���� � +   ���� � �~�� � { �% � 

M(x) =  -> Linear ���� � + ∗ � + .  ���� � { �% ∗ � ∗ � + �� 

The function for the moment is discontinuous, the path of the moment over the length is described 

by two functions.  

For 0 < � < j/2: 

���� � �% �  5-5

���� � �% ∗ � ∗ �  5-6

For j/2 | � | j: 

���� � { �% �   5-7

���� � �% ∗ � ∗ �j { ��  5-8
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5.3.3 Axial force 

The tensile force from the cables results in a horizontal and a vertical reaction. These reaction forces 

are taken by the concrete floor. The horizontal force is introduced into the section as an axial force, 

the vertical force is introduced as a shear force. Due to the eccentricity of the anchorage point to the 

middle of the floor section, an additional bending moment is introduced from the horizontal force. 

This is a constant moment over the length of the floor. The symmetry of the system ensures the 

horizontal force equilibrium, the equilibrium remains within the structural system and the supports 

are kept out of the equation.  

��l � ��l ∗    5-9

 

Figure 5-11 Schematized drawing of forces in the connection of the cable to the floor 

5.4  Deformation of the floor 

The structural assessment of the active system is based on a continuous series of static equilibrium 

states. After an active adaptation or a change in loading, the internal equilibrium state needs to be 

recalculated and the associated active reaction is determined. The two main structures, the concrete 

reinforced floor and the cable truss are connected at midspan by the actuator. This element controls 

the deviation in the deflection of the floor and the deformation of the cable truss. The distance 

between the bottom of the floor and the connection of the cables is called ℎ, this height has a start 

value for which the internal force (�l� � 0�. (DRAWING) 

 

Figure 5-12 Schematization of main systems in active state, top: Concrete floor, bottom cable truss 
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The force in the compression element depends on the elongation of the actuator and on the 

defection of the floor by the external loading. As shown in the figure below.  

 

Figure 5-13 introduction of point load by a: deflection of floor, b: elongation of compression element 

The value of �l� will change if:  

A. Floor deflects     �*,�0+,0 ℎ /�ℎ0   Passive 

B. Height of actuator changes   �ℎ+,�/,� ℎ /�ℎ0 Active 

Both aspects play a crucial role in the final deformation as a result of live loading and point load from 

the actuator. 

The cables are unable to take any axial compression force and bending, so the force in the strut will, 

at all times, be:  �l� ≥ 0. The case in which the height is smaller than the starting height (ℎh) the 

cables will start to hang between the support and the compression element.  

In the schemes above two external force introduction methods are shown. The first method is 

passive, the geometry of the system remains constant. When external loading increases, the cable 

truss is loaded. The upward reaction leads to a force on the floor. The second method relies on the 

active change of height on the compression element. This change leads to the reaction force on the 

bottom of the floor structure and the result is not depending on the external loading. 

5.4.1 Deflection induced force (passive cable truss) 

The system is externally loaded at the top section of the floor. This acting load on the structure leads 

to a downward deformation of the concrete floor. This directly results in the equal downward 

deformation of the cable truss, as the height remains constant. This downward deflection causes a 

contra reaction from the cable truss and an upward reaction force on the bottom of the floor. The 

static behavior of the cable truss is discussed in chapter: 70 

The vertical force in the compression element �l�, is introduced into the concrete floor and the truss 

as a point load. The introduction of the force is at the middle of the floor span, this means the force 

leads to a deformation of the floor and the cable truss. The structural system of the concrete floor 

and the cable truss are schematized as spring supports. For the floor, the spring stiffness is related to 

bending stiffness of the floor. For the cable truss, the string stiffness is related to the axial stiffness of 

the cable truss. The stiffness of the both systems is dependent on the geometry and material. The 

schematization of the spring system is shown in: Figure 5-14. 

  



36 

 

   

Figure 5-14 Complete spring-based system 

4�8��� � ∑������������     5-10

4�lp87$ � ∑��� �¡¢��� �¡¢    5-11

With: 4L � �0/)), �� �
��8���  *! 
#�lp87� 

�L � �*!�  *, 0ℎ   2 " ,0  

£L � � )*!"+0/*, *)  2 " ,0 +0 "/���+,  

The strut supported by the cable obstructs the floor from deforming freely, the deflection (£�8) at 

midspan of the floor is reduced by the cable truss. The deflection of the floor is the deformation as a 

result of the external loading (including long term effects), the point load from the vertical strut and 

the extra effects from the axial force in the concrete floor section.  

∑��8��� �  �����7�Ll8 { �$����    5-12

The external force is in this case a distributed q-load on the floor. The sum of moments in the floor 

results in. 

∑��8��� �  �����7�Ll8 { �$����  5-13

For the cable truss, the deflection is caused by the force in the strut. This is the only force in the 

bottom part of the system. 

∑��lp87$ � �$����  5-14

For constant height (ℎ) of the strut, the deflections are:  

£�8��� � £�lp87   5-15

Here, £�8���  is total the deflection of the floor at midspan from the sum of forces on the floor 

structure. £�lp87 is the deflection of the point where the two cables are connected to the strut. 

From this set of boundaries, the deflection as a result of external loading, results in the increase of 

the force in the compression element. The relation: external load vs. compression force, is 

dependent on the stiffnesses of the floor (�
���8���) and of the cable truss (�
#��lp87$). 

The complete calculation of the stiffnesses �
���8���  and �
#��lp87$, is done in more detail in 

chapter: 6. 
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5.4.2 Actuator induced force (active cable truss) 

As previously described, the force in the cable truss directly depends on the deflection of the floor 

when the compression element is constant in height. The structural improvement to external loading 

is limited by the ratio of stiffness of the concrete floor and the cable truss. The variation of the 

internal height (h) of the strut leads to the increase or decrease of force into both spring systems. the 

cases are shown in the figure below. The strut with a variable height is referred to as an actuator. 

The increase of length (¤ℎ) of the actuator leads to an upward reduction forces on the floor and the 

downward force in the cable truss. The deflection of the floor is reduced and in the cable truss, the 

deflection increases. As previously stated, the deflection of the floor and the truss are coupled. From 

the increased length, the situation occurs where the vertical deformation equilibrium is:  

£�8��� � £�lp87 +  ¤ℎ   5-16 

  

Figure 5-15 Schematization of actuator with active changing length 

The reducing deflection of the floor is linked to the reduction of the bending moment in the floor. 

The bending moment in the floor section is measured at the bottom of the section by the change of 

strain levels. The curvature in the beam is calculated as:  

¥�8��� � ~��������������    5-17

The curvature of the floor leads to strains in the concrete section. The relation curvature and the 

strains in the concrete section is discussed in chapter 6. 

Similar as the passive system, the equilibrium situations result in the forces on the floor to be: 

∑��8��� �  �����7�Ll8 { �¦���l���    5-18

And the force in the cable truss as:  

∑��lp87$ � �¦���l���     5-19

5.5  Control plan 

The reaction of the active element is determined by the controller. This controller is set up to 

adequately respond to the input from the system. The floor is fitted with strain sensors at the 

bottom of the section. These sensors measure the elongation (strain) which after calculation with the 

correct geometrical and material properties of the floor, are translated to the internal bending levels. 

The bending moments are reverse calculated to determine the loading on the structure. The 

constitutive relations are used to determine the deflections through the level of bending moment in 

the section.  
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The system is schematized in the flow chart below. Different aspects of the flow chart are addressed 

below the scheme. 

 

Figure 5-16 Scheme for the active response of the system. 

5.5.1 Properties of the structural system (information): 

At the base of the response of active adaptive system, knowledge of the floor is the starting point. 

The structural properties of the base structure determine the strength and stiffness and therefore 

the required action from the system. From a set of design criteria, the response of the system is 

determined to meet the limits for: 

• Stress limits 

• Deformation limits 

These limits situations are calculated with the known structural, geometrical and material properties 

of the system. 

5.5.2 Controller 

The strains are constantly monitored at the bottom of the floor. It is not possible to determine the 

actual loading level from visual inspection of the users on the floor. That is why the strains are used 

to calculate the acting bending moment in the floor. This measured acting bending moment is used 

to determine the loading on the floor. 

The information from the strain sensors and the actuator (force and deformation) are combined in 

the calculation and the results are used to describe the current state of bending moments and 

deflection.  

Calculation steps:  

k0!+/, → �3!1+03! → �,0 !,+2 )*!� � → ' ,�/,� "*" ,0 → 
�0 !,+2 2*+�/,� 

Measured values as used as input for the structure: 

• Strains at bottom of section (strain sensors) 

• Length of actuator 

• Force in actuator 

The combination of these measured properties, the internal equilibrium can be determined.  
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5.5.3 Strains at bottom of section 

At the bottom of the floor, the strains are measured. The measured values in combination with the 

structural properties and the history of the floor are used to calculate the acting bending moment in 

the floor section. This acting bending moment corresponds with a level of live load on the floor and 

force in the actuator. This combination of measured strain and known force in the actuator is used to 

determine the live load on the floor. 

The combination of external loads (self-weight and live load) and internal loads (Point load and axial 

force) leads to a complex moment distribution, see figure below. The maximum bending moment is 

not located at midspan since the point load from the actuator leads to the reduction of the bending 

moment from the line load. In the schemes below the relevant bending moments are shown. 

 

Figure 5-17 Bending moments in the floor 

For the correct measurement of the strains it is critical the measured section of the floor contains at 

least one crack. As the crack is the location where the highest strains occur, the moments can be 

determined most accurate. The section behaves linear in the cracked floor section for moments 

smaller than the yield- and the plastic crushing moment.  

In this study the measured strain and therefore bending moment is taken as a given fact. The precise 

behavior of the strain as a result of the bending moment is not part of this initial study. 

5.5.4 Action 

When the strain levels reach the critical limit, the system starts to react. 

k/�,+2 )!*" �*,0!*22 ! → § )*!"+0/*, *) +�03+0*! → #�0/1  )*!� → �,0 !,+2 �0! �� �→ k0!+/,� 

When the strain levels are at the desired level, the actuator remains constant until the loading 

changes. This check is a constant repetitive process to ensure the limit levels are never exceeded.  
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5.5.5 Output 

The information from the different sensors combined with the input from the material and 

geometry, is used to the calculate the equilibrium state of the system. The most relevant results from 

the calculations are:  

• Stable system (equilibrium) 

• Deflection/Deformation 

• Calculated external loading levels 

5.5.6 Reaction Time 

The live load on the floor structure is mostly based on users on the floor. Whenever people walk on 

to the floor, the total loading increases gradually. The time to fill the floor with people depends on 

the room dimensions and access points to the area. For the study the increase speed is assumed to 

be slow, empty to full in minimum of 30 seconds. The exact time is not relevant as the complete 

controller design is not the aim of this study. 

  

Figure 5-18 Increasing Loading from people entering the floor  
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6.  Analysis of Concrete floor structure 

This chapter focusses on the reinforced concrete floors used as the base throughout the study. The 

structural behavior of the externally loaded floor is evaluated to have a reference for the structural 

improvement methods. Firstly, the material properties are discussed, later the relevant calculations 

and limit values are addressed. From the knowledge of the different structural properties the base 

floors are designed. This set of floor structures is determined to compare and evaluate different 

compositions of material quality and reinforcement ratios. This variety of floor sections is used to 

give a complete insight into the effectiveness of the different structural improvement methods. 

6.1  Structural system 

The main structural element subject of structural improvement in the study is a reinforced concrete 

floor. The design of a reinforced section is based on the collaboration of the compressive strength of 

the concrete and the tensile strength of the steel reinforcement. The structural compressive strength 

of the concrete and the tensile strength of the steel are combined to create an internal equilibrium in 

the section (figure: _). Here the loaded situation is shown for a cracked concrete section. 

 

Figure 6-1 Internal force equilibrium in concrete section 

 

The schematization of the floor element results in the generalized formulation for the deflection as a 

result of the bending moment as: 

���� � � ������ �  ��� ∬ ���� ��     6-1

This formulation is used to express the behavior of the floor when externally loaded resulting in a 

bending moment in the floor. The bending moment distribution in the floor is discussed in more 

detail later on.  

ԑ,c 

ԑ,f 

σ,c 

σ,s 

F,c 

F,s 
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6.2  Material properties 

For the initial assessment of the structural concrete floor, the material properties are discussed and 

the most important aspects for the implementation of any structural improvement are found. 

6.2.1 Concrete material properties 

The main material in the floor is concrete. This is a mixture of materials: Cement, water, aggregates 

and sand. The ratio’s in the mixture influence the final strength level. This strength of specific mixture 

ratio’s is determined by the cylinder or cube compression test. Here carefully created concrete 

cylinders or cubes are loaded until crushed. The maximum force over the surface of the specimen 

results in the maximum stress and thus the strength of the specimen. Test specimen dimensions are 

shown below.  

 

Figure 6-2 Concrete cylindrical and cubic test specimen 

The strength of concrete mix is based on the test values. The value of the compression strength is 

used to determine the stress and strain properties for the material.  

Cylindrical compression strength  fck  �5 ""%U �   

Cube compression strength   fck,cube in �5 ""%U �  

Average compressive strength   fcm in �5 ""%U �  = )�� �  )�w + 8 

Cylindrical tensile strength   fctm in �5 ""%U � = )��� �  0,30 ∗ )�w(%/¨)
  

(For classes ≤ C50/60) 

= )��� �  2,12 ∗  2, ∗ �1 + 9©ª
�h �  

(For classes> C50/60) 

Table 6-1: Material properties for concrete classes C20/25 & C45/55 

  

 
f ck f 

ck,cube 

f cm f ctm f 

ctk,0,05 

f 

ctk,0,95 

E cm ε c3 ε cu3 

 
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (Gpa) (‰) (‰) 

C20/25 20 25 28 2,2 1,5 2,9 30 1,75 3,5 

C45/55 45 55 53 3,8 2,7 4,9 36 1,75 3,5 
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The values as stated in the table are based on the characteristic values. For the maximum stress 

limits, the characteristic value needs to be reduced with a material safety factor. Concrete 

compressive strength : 

 = )�� �  «©©∗9©¬ 
©  �5 ""%U �    6-2

With: material factor: }� � 1,50, ®�� � 1,0 

In the table above the material properties of concrete classes C20/25 and C45/55 are shown. These 

are the classes used in the reference designs for the study. Floor sections are designed taking these 

material properties in consideration and the impact on the different improvement methods are 

determined. The designed sections are shown in part: 6.4  

A full table of concrete material properties is included in ANNEX: A. 

6.2.2 Reinforcement material properties 

The tensile force in the concrete section is, after cracking of the section, carried by the steel section. 

The stiffness of the reinforcement steel is based on a bilinear stress-strain diagram. The young’s 

modulus is constant for the stress until the yielding strength is reached. From this point the steel will 

yield, where the strain increases but the stress levels remain constant. See Figure 6-3. 

 

Figure 6-3 Stress strain diagram of reinforcement steel  

E° � ±¢²¢  (N mm%U ) Young’s modulus of reinforcement steel   6-3 

Valid for stress values: �$ ≤ )́ � (N mm%U ) 

The tensile strength of normal reinforcement steel (B500) is 500 5 ""%U , this is the characteristic 

value of the tensile strength. For the design value of the strength the safety factor for the material 

for reinforcement is included:  

f´� � µ¶¬
·¸  (N mm%U )   6-4

With: material factor }$ � 1,15 

The applied reinforcement properties for all floors are shown in the table below. 

Steel 

quality 

b¹_ b¹X º» Cover  Diameter ¼»,¹½d¾X ¼»,¿X 

 5 ""%U  5 ""%U  5 ""%U  "" "" ‰ ‰ 

B 500 500 435 200000 15 10 2,175 22,5 
Table 6-2 Properties of reinforcement steel 
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The maximum allowed strain in the steel is based on the strain at maximum loading. This is based on 

the characteristic value of: 

�$,�� � �$,�w ∗ 0,90    6-5

The steel sections used for a reinforced floor section remain well within the limits of the maximum 

and minimum reinforcement ratios. The minimum and maximum values are determined to ensure 

the structure will not fail without a warning. This check can be left out of the study. 

Á8 � ¦¢p∗�     6-6

The reinforcement ratio of section floor section based on the effective height of the floor. 

Table 6-3 Minimum and maximum reinforcement ratio's for concrete classes used 

 

6.2.3 Stiffness of the floor section 

Concrete is a material susceptible to deformations caused by time dependent loading. The material -

behaves different under short- and long-term stresses in the section. The long-term stresses lead to 

additional strains under constant stress. In the calculation of the deformation, distinction is made 

between long term stiffness and short-term stiffness to determine the complete behavior of the 

structure. 

6.2.3.1  Short term 

The short-term stiffness is based on the mean value of the compression strength. The value found is 

valid for short term loading levels. The short-term situations are referred to with subscript: 0. 


�� � 
�,h � 22000 ∗ �9©ª
�h �h,¨

   
6-7

Where fÂÃ; is the mean compression strength of the concrete.  

Table 6-4 Short term stiffness 

 

6.2.3.2  Long term 

For long term stiffness, the Elastic modulus (
��) is reduced by a factor taking in account the long-

term effects. From the formula below the elastic modulus for the relevant concrete class can be 

determined. The long-term loading situations are referred to with subscript: ∞. 

 
�,799 � 
�,Ä � �©ª�ÅÆ�Ä,�Ç�     6-8

With: ��∞, 0h� = the creep factor. 

Concrete class Éz½Ê ÉzZË 

C20/25 0,1133% 1,2300% 

C45/55 0,1946% 2,7700% 

Concrete class ºÌz (Nmm) 

C20/25 30000 

C45/55 36000 
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The determination of the creep factor is based on multiple variables (e.g.: Concrete section, type of 

cement and the loading history of the structure. For the study the creep value is assumed to be 

constant for all floors as:  

��∞, 0h� � 3.0   6-9

The complete derivation and assessment of the long-term effects is not part of this study.  

Table 6-5 Long term stiffness 

 

6.2.4 Cracked vs Uncracked section 

The monolithic floor element is a set/collection of cracked sections and uncracked sections. The 

stiffness of the different floor sections varies over the length of the floor(drawing ). In the middle of 

the span, where bending moments are larges, the largest and most cracks occur. In this part, the 

calculation of the stiffnesses of the sections is addressed. 

 

 

Figure 6-4 Bending crack pattern over length of floor element 

 

6.2.4.1  Un-cracked concrete section 

The part between the cracks, is based on the Youngs modus and the second moment of area of the 

concrete section and the contribution of the steel section in the uncracked section. 

 
�� � �Å¨∗«¡,Ç∗Î�
�Å«¡,Ç∗Î� ∗ 
� ∗ ��   Linear stiffness of uncracked section 

With:  

�Å¨∗«¡,Ç∗Î�
�Å«¡,Ç∗Î�    Contribution of the steel section in the uncracked concrete section 

®7 � 
$/
�     Ratio between Youngs modulus of steel and concrete 

Á8 � ¦¢p∗� ∗ 100%  Reinforcement ratio 

�� � 1 12U ∗ . ∗ ℎ¨   The second moment of inertia of the uncracked concrete section. 

The determination of stiffness is done for long- and short-term loading cases. The use of respectively 
�,Ä or 
�,h leads to the correct value of the different stiffnesses. The value of ®7 is used to combine 

the Youngs modulus of the concrete and steel. This ratio is also dependent on the loading duration. 

 

Concrete class ºbb (Nmm) 

C20/25 7500 

C45/55 9000 
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6.2.4.2  Cracked section 

In the cracked section the horizontal force equilibrium is made with the concrete compression zone 

and the steel section with tensile force. These forces with the internal lever arm result in the bending 

moment capacity. 


���  = Linear stiffness of cracked section, calculated as: 


��� � 6 ∗ 	�M�¨ ∗ 	���% ∗ �1 { 1 3U ∗ �
�� ∗ 
� ∗ ��       6-10 

With: 

� � Ñ{®7,h ∗ Î�
�hh [ Ò�®7,h ∗ Î�

�hh�% [ 2 ∗ ®7,h ∗ Î�
�hhÓ ∗ � as the section is assumed to behave linear. 

Result is the height of the compression zone (x in mm). Value of x is constant for the cracked section, 

as the stress strain relation of the concrete and the steel section are linear. 

Check for stress-strain diagram:  

�� ≤ ��¨ � 1,75 ‰  

Crushing of concrete leads to non-linear stiffness of the section and the behavior is not properly 

described by this formulation. The calculation of the deflection is based on the characteristic values 

of the loading, these values are smaller than the moments that lead to the crushing moment. 

 

6.2.5 Moment-curvature relations 

In a reinforced concrete-section the concrete- and the steel sections have specific strengths, 

concrete in compression and steel in tension. Under different loading situations, the distribution and 

attribution of stresses over the section changes. For the determination of the ultimate strength of 

the element, the normative section is located at midspan. 

 

Figure 6-5 Example of Moment-Curvature diagram (Floor structure 7) 

The stiffness of the section under bending (and/or axial compression) can be schematized in a M-

Kappa diagram. This diagram shows the curvature in relation to the bending moment. In the diagram 

specific moments are shown to determine the stiffness of this cracked section.  
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- Crack moment (���) with specific: κ��  

 Concrete fiber under maximum tension fails: ��,� � )��� 

- Yield moment (�´�) with specific: κ´�  

 Reinforcement starts to yield: �$ � )́ �  

- Plastic deformation of concrete (��,v8) with specific: κ�.v8 

 Concrete fiber under maximum compression deforms plasticly: �� � )��  

- Ultimate moment (���) with specific: κ��  

 Concrete fiber under maximum compression fails: �� � 3,50‰ 

With the critical strains in the sections with specific bending moment levels as listed above, for each 

case the internal height of the compression zone is calculated. With this internal height, the internal 

lever arm of the resulting compression and tension force respectively in the concrete compression 

zone and in the steel section, is calculated. With the stress-strain relations of the concrete and the 

reinforcement steel in combination with the linear stress distribution over the height of the floor, the 

strains and stresses through the section are calculated.  

∑�*!� � ×*!/Ø*,0+2 � N� −  N$ � 0 

With the known level of bending moment in the section and the sum of strains resulting in the 

curvature in the section. The stiffness for this floor section is calculated with the relation: 

 ¥ � �Î � ~��   6-11


� � �/¥    6-12

The full assessment of the calculations of the specific moments used to describe the Moment-

curvature diagram is not done in this report. 

6.2.5.1  Axial force 

From the cable truss, the floor is loaded vertically with a live and a point load, resulting in a bending 

moment in the floor. From the structural system, as assumed for the cable truss, the horizontal 

reaction component from the cables is introduced into the floor. This axial force is constant over the 

length of the floor up to the location of the other cable connection, where the horizontal equilibrium 

is restored. 

This axial force leads to an additional force in the internal sum of forces used to calculate the stress 

in the floor section. 

The force is located at the neutral line of the floor section (1/2*h) and leads to the sum of forces: 

 ∑�*!� � ×*!/Ø*,0+2 � N� −  N$ −  Nl�Kl8 � 0     6-13 

Similar to the calculation as explained previously, with the axial force, the critical bending moments 

with corresponding curvatures are calculated.  

Below the moment curvature diagram is shown for floor structure 7 as will be discussed in chapter 

6.4. The blue line is the normal Moment-curvature diagram, the green line shows the Moment 

Curvature diagram with an axial force of 100 kN. 
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Figure 6-6 Example of Moment-Curvature diagram (Floor structure 7)Blue: no axial force, Green: 100 kN axial force 

From this axial force the relation �/¥ changes as the bending moments increase and the curvature 

remains constant or decreases. This results in an increase of stiffness 
� � �/¥. This stiffness is used 

in the calculation of the floor structure in combination with the cable trusses to determine the 

behavior of the floor. For the stiffness of the floor, the cracked and the un-cracked sections are used. 

Un-cracked section:  
�� � ��� ¥��U        6-14 

Cracked:   
��� � �´� ¥´�U       6-15 

6.2.5.2  Tension stiffening 

At the maximum bending moment in the floor, the stiffness of this cracked section is calculated. This 

is the value of the cracked section; the tensile force is completely carried by the steel section. 

Directly next to the crack, the tensile force in the steel section is transferred to the surrounding 

concrete due to the bond between both materials. The bond leads to a reduction of stress in the 

steel and an increase of stress in the concrete. The tensile stress in the concrete increases until the 

tensile strength is reached, then the concrete cracks, and the tensile force is taken by the steel.  

The stiffness of the uncracked floor sections contributes to the overall stiffness of the floor. The 

stiffness of the complete floor is higher than only the cracked sections. The effect of the increased 

stiffens of the floor is called tension stiffening. The increase of bending in the floor leads to a 

combination of cracked and uncracked sections over the length of the floor. The acting bending 

moment in relation to the crack moment determines the magnitude of the effect of the tension 

stiffening.  

The method for the assessment of the tension stiffening coefficient are done based on: (Allam, 

Shoukry, Rashad, & Hassan, 2013; Braam, 2012). 

The relation of cracked and un-cracked sections leads to the overall stiffness of the element:  


���l�w7� < 
��997��KÙ7 < 
�ÚLÛ��l�w7�       6-16 

For increasing bending moments, the initial stiffness is equal to the un-cracked section. When the 

cracking moment is reached the stiffness decreases but the concrete section is contributing in the 

overall stiffness. Increasing the bending moment further, the contribution of the un-cracked section 

decreases, and finally the stiffness is equal to that of the cracked section.  

The relation is described according to formula below. The functions results in the non-linear elastic 

behavior of the element based on the combination of two linear properties. 


��997��KÙ7 � Ü ∗ �
���� + �1 {  Ü� ∗ �
���       6-17 
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��  linear stiffness of uncracked section 


���  linear stiffness of cracked section 

With Ü as tension stiffening coefficient, which is based on the crack moment and the acting bending 

moment in the floor. This relation determines the effect of the additional stiffness from the un-

cracked section. A larger value for the tension stiffening coefficient results in less additional stiffness 

from the un-cracked section. 

Ü � 1 { Ý�Ý%�Þ�%         6-18 

 Þ � ~©�~¡¬   

Where: 

Ý� = Factor for steel bar surface  When smooth   Ý� � 0,50  

When ribbed   Ý� � 1.00 (Used in study) 

Ý% = Factor for loading duration. Long term   Ý% � 0,50  

Short term   Ý% � 1.00 

As seen from formula (Ü � 7-9), the tension stiffening effect is different for long- and short-term 

loading, the value of 0,50 from long term loading leads to a larger coefficient for the tension 

stiffening. The coefficient is always Ü ≥ 0,0. 

 

Figure 6-7 Effective Stiffness of reinforced concrete section 

The ratio 
~©�~¡¬ determines the utilization of the section. When bending moment levels do not exceed 

the crack moment, the stiffness is based on the un-cracked concrete section. For increasing levels of 

bending moments, the contribution of the un-cracked stiffness reduces, and the stiffness of the 

beam reduces. 

For bending moments in the base floor, as used for this study, the effect of the tension stiffening is 

shown in the graphs below. The stiffness is equal to the 
��  for �7w  ≤ ���, for �7w ß ���  the 

stiffness reduces to a minimum value of 
���.  
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Figure 6-8 a: Bending moment, b: Tension stiffening coefficient and c: Stiffness over the length 

 

6.2.6 Axial force on system 

For the structural scheme of a simply supported beam, the axial forces are assumed to be zero since 

no horizontal forces are present. With the application of the active adaptive cable truss, horizontal 

reaction forces remain within the floor structure. This results in a reaction with an eccentricity, 

resulting in an axial force and a bending moment in the beam.  

 

Figure 6-9 Detail of connection floor-Cable truss 

The magnitude of the tensile force in the cable and the resulting horizontal component are 

addressed in more detail in chapter 9 and 10. 
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6.3  Calculations 

The structural part of the assessment of the concrete floor element is based on limits as used in the 

Eurocode. The calculations are on one hand based on the ultimate limit of the material strength and 

on the other hand based on the usability of the structure. 

The maximum stress and strain of the materials used in the floor section lead to the ultimate 

strength with respect to e.g. bending moment and shear force. Here the maximum capacity is based 

on the composition, strength and amount of material in the floor section. 

The usability or serviceability of the floor is on one hand based on function and the extend the 

function can be carried out on the floor. And on the other hand, on the effect of the deformation of 

the floor on the walls on top of the floor. Large deformations or vibrations result in a floor structure 

not suitable for a function. 

6.3.1 Strength of the floor section 

The composition of concrete and reinforcement steel result in the ultimate strength of the floor 

section.  

6.3.1.1  Bending moments 

The bending strength of a reinforced concrete section is the internal force equilibrium in the cracked 

situation. As seen from the Moment-curvature diagram in chapter…., for a normal floor structure, 

the crack moment is significantly lower than the ultimate moment. 

In the cracked section, the internal height between the compression zone in the concrete and the 

tensile force in the steel results in the internal bending moment in the floor. The tensile stress is 

completely taken by the steel section and the compressive stress by the concrete compression zone.  

In the design of a reinforced concrete section, the required reinforcement in the floor section is 

determined with the global calculation with (Braam & Lagendijk, 2011): 

��� �  #$ ∗ )́ � ∗ 0,9 ∗ �        6-19 

With:  #$ �  ~àá 
9¶á∗h,â∗�   

Here the internal lever arm is assumed to be 0,9*d (the effective height). With this formulation the 

required reinforcement section is calculated. 

When the internal compression zone (= x (mm)) in the section is looked at in more detail, the internal 

lever arm can be expressed in more detail: 

5� �  ® ∗ )�� ∗ . ∗ �         6-20 

5$ �  #$ ∗ )́ �            6-21 

The horizontal sum of forces results in: Nc-Ns =0 force equilibrium. In combination with the internal 

forces, the difference in internal height of the tensile and compression force results in the internal 

lever arm. The forces with this lever arm lead to the internal moments. When the maximum material 

stresses are combined into the force, the maximum internal moment is calculated. 

��� �  ® ∗ )�� ∗ . ∗ � ∗ (� − Ý ∗ �)         6-22 

��� �  #$ ∗ )́ � ∗ (� − Ý ∗ �)         6-23 
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At the internal maximum moment of ���, the concrete is partially crushed in the top part of the 

compression zone and behaved plasticly. Here the maximum compressive stress in the concrete �� ß)��. For concrete classes smaller than C50/60, the values of α � 3/4 and β � 7/18 are used to 

determine the height and center of the compression zone. From the combination of functions above, 

the height of the compression zone is determined. 

In the structural check of the floor, the maximum moment needs to be withstood by the floor 

section. For the ultimate limit this check is: 

��� ≥ ���           6-24 

Where, ��� is the ultimate resistance of the floor section and ���  is the design value of the loading 

on the floor. The design value is the loading used for the calculation of the ultimate limit state and is 

larger than the actual loading present on the structure. In the calculation of the active adaptive 

system, the loading is present and measurable. This results in the bending moment at time of loading 

as ��w. For the acting moment the statement which needs to be fulfilled is: 

��� ≥ ��w           6-25 

This difference in loading in the limit state and in the actual situation is discussed in more detail in 

chapter 8.2.1.1. 

6.3.1.2  Shear forces 

For a floor structure with a constant line load, the shear force in the section is calculated over the 

length with: 

���� � {�� ∗ � + 1 2U ∗ �� ∗ j         6-26 

The shear force is at a maximum at the supports. At this location the bending moment is zero. With 

formula 6-27 as seen below, from the Eurocode, the shear stress in the concrete section is checked 

without extensive calculations. This shear resistance is based on the pure concrete section without 

the shear strength of the reinforcement. 

1��  ≤  1��          6-27 

With:   1�� �  åàá
p∗�     

1�� �  0,035 ∗ 4¨/% ∗ æ)�w      

4 � 1 + Ò%hh�    

For all improvement methods used in this study, the support conditions remain constant. The added 

improvement methods only change the internal flow of forces. The calculation of the vertical 

supporting reaction remains the same as:  

 ∑�(+�+�0/1 ) �  �l� − 2 ∗ ç�lp87,Ù7��K�l8        6-28 

As the sum of vertical forces remains within the floor system, the total vertical reaction in the floor 

supports is calculated as: 

��� � 0&� � j) � 1 2U ∗ �� ∗ j        6-29 
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6.3.2 Deflections 

The total deflection in a structural element is a combination of multiple factors. The direct deflection 

from the loading on the floor shows in direct deformation when loading increases and the reduction 

of this deformation when unloading. This loading is caused by the actual use of the floor and 

materials on the floor. 

The formulation of the total deflection states: 

����l8 � �w + ��uv,∞ { �uv,0)         6-30 

����v�$7�� � ��è��l8� { ��é7��lL7L��        6-31 

Where the �w is the deflection caused by the permanent load and the live load. The deformation 

caused by the permanent loading is always present from the moment the floor is realized (�K���. 

The increase of direct deformation is the result of increase of live load. 

Compared to direct deformations caused by short term loading, deformation as a result of long-term 

loading plays and important role in the total deformation of the floor. As discussed in chapter 6.2.3 

the stiffness of the concrete section is reduced to account for the long-term effects of the material 

with the focus on creep. The long-term loading is based on the permanent loading and a part of the 

live loading assumed to be present over a long period. This loading is the quasi permanent loading 

combination.  

Overview of moments and deflections over time: 

0h �ß    �h �ß  �S �ß   ����l8 � �S  

0Ä �ß    �Ä �ß �Ä �ß   ����l8 � �S + �uv,Ä 

0w �ß    �w �ß  �w �ß    ����l8 � �w + ��uv,Ä { �uv,h� 

After improvement the deflections increases with: 

0Ä,L7 �ß   �Ä,L7 �ß �Ä.L7 �ß   ����l8 � �S + �uv,Ä,L7  

0w,L7 �ß   �w,L7 �ß �w,7 �ß   ����l8 � �w,L7 + ��uv,Ä { �uv,�L7 

In the figure below the strain in a reinforced concrete element are shown with loading and 

unloading, creep and shrinkage effects included.  

  

Figure 6-10 Overview of creep and shrinkage on a reinforced concrete element over time.  

In this study, the long-term effects are summarized as the creep due to long-term loading present on 

the floor. 
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6.3.2.1  Deflection by Standard deflection formula’s 

In the calculation of any structural element schematized as a simply supported beam the standard 

formula’s, in Dutch referred to as: “Vergeet-me-nietjes”, are most used. Here the deflection at 

midspan is calculated by using a constant stiffness over the length of the beam and the load on the 

structure expressed as a constant line load or bending moment as a result of this constant line load. 

���l�� � �êë ∗ ~∗��
��àìì          6-32 

���l�� � í¨ëê ∗ u∗�î
��àìì          6-33 

The effective stiffness used is based on the cracked and the uncracked sections over the length of the 

floor with the inclusion of the tension stiffening coefficient as discussed previously. For the simply 

supported beam with constant line load, the use of the constant stiffness with the tension stiffness 

coefficient included gives a good estimation of the deflection. 

In the assessment of the floor structure with cable truss, additional forces lead to a more complex 

bending moment distribution, since the tension stiffness coefficient is used to make the stiffness a 

non-linear property. The calculation of the deflection as a result of this bending moment distribution 

requires a more detailed calculation than the simple formulas. 

6.3.2.2  Deflection by Method of double integration  

The Method of double integration uses the bending moment and the stiffness of the beam to 

determine the displacements. By integrating the curvature ¥ � ~�� twice over the length, the 

deflection is calculated at any location of x. As example the book of F. Udoeyo (Udoeyo, 2020) is used 

to determine the formula’s for the final deflection calculation. 

With:  

¥��� �  ~(�)
��           6-34 

���� �  � ~(�)
��  ��         6-35 

���� �  ∬ ~(�)
��  ��         6-36 

The calculation of the stiffness of the floor is based on the acting bending moment and the crack-

moment of the section. To include the different stiffnesses over the length, the floor is discretized 

over the length in 10 parts. Found from the calculations with the constant value for the stiffness and 

after discretization, the deflections are almost identical for the case of the simply supported beam 

with a constant q-load. The discretization is necessary for the structural calculation with the 

combination of multiple forces, where the deflection is caused by a combination of loads; line load, 

point load, axial load. 
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With the discretization, the in each node, the rotations and the deflections of both adjacent 

elements are equal. 

 

Figure 6-11 Discretization of floor over the length 

For each element the moment distribution is determined, and the stiffness of each individual 

element is calculated. The stiffness of the total beam depends on the bending moment present in 

each element. 

For each point on element, the sum of bending moments is calculated. Using the tension stiffening 

coefficient on al points, the stiffness over the floor is described. Important is the fact that the 

location of the moment, where  ��� � ���, will not coincide exactly with the points chosen in the 

discretization of the element. This results in a small error in the calculation, but the deviation is 

neglected. 

 

Figure 6-12 Bending moment in floor 16 with crack moment (orange), left stiffness over the length of the floor. 

In the figure below the steps for the calculation of the deflection are shown. The bending moment 

distribution over the is known from al forces on the floor. With the bending moment the stiffness 

over the length is calculated. With the bending moment and the stiffness, the curvature in the beam 

is calculated for each node. By integrating the curvature twice, the deflection is calculated. In the 

next paragraphs, the formulas for the deflection by different loading situations are elaborated. 
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6.3.2.2.1 Line load 

Deflection, �u���,  from a constant line load calculated with the method of double integral is used in 

the calculation of the deflection of the base floors and the CFRP reinforced floors. For the different 

loading types, the deflection is calculated and combined to find the total deflection with all long- and 

short-term aspects combined. 

 ���� � �u���   

�u���  � { ��� 	{ �%ê ∗ � ∗ �ê + ��% ∗ � ∗ j ∗ �¨ { �%ê ∗ � ∗ j¨�   6-37 

The full derivation done to obtain the formula for the deflection is added in appendix: D 

6.3.2.2.2 Line load + point load 

The deflection, �uÅ9���, of the floor loaded by a constant line load on the top side of the floor and a 

vertical point upward point load is used in the calculation of the systems with the active and the 

static cable truss.  

 

 

���� � �u��� { �����  

�uÅ9���  � { ��� ï{ �%ê ∗ � ∗ �ê + ��% ∗ � ∗ j ∗ �¨ { ��% ∗ � ∗ �¨ {�%ê ∗ � ∗ j¨ ∗ � { ��ð ∗ � ∗ j% ∗ � ñ    6-38 

The full derivation done to obtain the formula for the deflection is added in appendix: D. 
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6.3.2.2.3 Axial Load 

The deflection as a result of the axial load is determined separate from the line and point loads. The 

moment from the line and point load has a moment distribution over the length of the floor, with 

boundary conditions leading to no bending moment at the supports. The moment from an eccentric 

axial load can result in a constant bending moment over the entire floor. 

 ���� � ��l���  

��l��� � 5l ∗  ��.  
Results in function for deflection: 

�Ll���  � { ��� 	�% ∗ � ∗ �% { �% � ∗ j ∗ � �       6-39 

The full derivation done to obtain the formula for the deflection is added in appendix: D. 

With an axial compression force on a deformed structure, second order effects result in the increase 

of deflection. To account for the increase of the second order effects, the bending moment from the 

axial force is calculated with: 

 �� ��� �   �� { �uÅ9���         6-40 

Where the deflection �uÅ9���is the deflection from the line and the point load from equation 6-38.  

Finally, the deflection over the length is calculated by the sum of �uÅ9��� and �Ll���. For the 

maximum deflection at midspan, � � �% ∗ j. 

 

  



58 

 

6.3.3 Crack widths 

The maximum crack widths in concrete structures are limited to reduce the exposure of the 

reinforcement steel to any corrosion by humidity. The cover on the reinforced side of the floor 

protects the steel.  

The direct calculation of the crack width is taken from the Eurocode NEN-EN 1992 chapter 7.3.4. 

With the maximum crack width in the floor resulting from: 

 �w � ��,�l� ∗ � �$� {  ����         6-41 

 ��,�l�:  With the maximum distance between the cracks 

 �$�:  Strain in the reinforcement steel. 

 ���:  Strain in the concrete between the cracks. 

For structural floor elements in a controlled inside environment the maximum crack width is limited 

as: 

�w,�l� � 0,40""  

The maximum value is based on the visible impact of the cracks on the floor surface, for durability 

aspects no requirement is needed. The calculation is based on the frequent loading combination. 

For all floors relevant in this study the crack width for the new and old live loading situations is well 

within the limits.  

6.3.4 Vibrations  

The calculation of the vibration limits in the floor structure is based 

on the OS-RMS method. The calculations are based on the Design 

guide from ‘Arcelor Mittal’ (M. Feldmann, Ch. Heinemeyer, 2008) 

and the corresponding background document (HIVOS, 2007). 

The eigen frequency ()) in Hz, of the floor is based on the self-weight 

approach with: 

) � �%ò Ò ó~ª�á       6-42 

The modal mass (����) of vibrating system that needs to be moved 

to induce an oscillation in the floor. This mass is based on the 

permanent loading and the quasi-permanent part of the live load on 

the structure. The stiffness of the concrete slab is non-linear, the use 

of the deflection from the self-weight leads to a non-linear reduction 

of the deflection and the mass, resulting in a higher stiffness for the 

floor. The use of the quasi-permanent loading combination leads to 

a safe estimation of the frequency of the floor. 

 

Figure 6-13 OS-RMS graph for floor with 2% damping (M. Feldmann, Ch. Heinemeyer, 2008) 

���� � 0,5 ∗ �uv ∗ j          6-43 
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The Stiffness of the floor (ô) is based on the mass of the system and the deflection caused by this 

mass. The average deflection is determined by using the value: 3 4U ∗ £�l� . For the use of the mass 

from the loading �uv, the gravitational constant is included (� � 9,81 �
$�) is used. 

ô � ~∗�
¨ êU ∗�ª�õ           6-44 

Combining both formulas, the formula for the eigen frequency for a simply supported floor is: 

) � �%ò Ò ê∗~∗�
¨∗~∗�ª�õ � �

%ò Ò ê∗�
¨∗�ª�õ � �ë

æ�ª�õ
  

) � �ëæ�ª�õ  (Hz)        6-45 

From the design guide (M. Feldmann, Ch. Heinemeyer, 2008) the damping value for a concrete floor 

is assumed to be 2%. Extra damping due to any furniture and floor or ceiling finishing is omitted. 

 

6.4  Evaluated floor situations 

For the assessment of the structural principle of the active adaptive structure in combination with an 

existing floor structure, a set of floors is designed for a variety of building situations. The designs are 

based on real functions and the limits for the floor. The structural aspects are dealt with as if it is 

designed for actual situations. This ensures the results obtained represent the results of real building 

structures. With different reinforcement ratios, the behavior of multiple sections is simulated. The 

assessment of the different floors is done in line with the building codes. In the understanding of the 

structures, thee intermediate results are evaluated in more detail.  

In the design of the floor sections, two loading situations are used. The existing floor structures have 

been used as an office building with a live load of: 2,50 kN "%U  . In the new loading situation, the live 

load is:  5,00 kN "%U , as the result of the function change.  

In the designed floor sections, different variations are used to evaluate the effect on the required 

and possible use of improvement methods. 

6.4.1 Variation of floor span 

The behavior of material properties is expressed based on sections and internal forces. To obtain the 

structural the structural behavior, the sections are designed for actual spans where the floors an 

obtain actual geometry. For the assessment of al structural systems, a variety of floor sections is 

designed. Different floor spans are used to obtain results for various lengths with the corresponding 

concrete sections. 

The floor spans used in the study are:  

- 4000mm 

- 6000mm 

- 8000mm 
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6.4.2 Variation Concrete classes 

For all lengths, floor sections with concrete class C20/25 and C45/55 are designed. The multiple 

concrete classes are used to explore the effect on the structural capacity and the usefulness of the 

improvement methods. 

6.4.3 Variation of steel reinforcement ratio 

The strength and stiffness of the concrete floor is mainly based on the amount of reinforcement in 

the floor section as the concrete itself can hardly take tensile strength. To widen the scope of the 

study the reinforcement ratio in the floor section is varied. The variation of the reinforcement is 

based on three different design scenarios. This results in multiple groups of 3 floors with a constant 

span, height, concrete class and loading. The comparison of actual floors gives more insight in the 

behavior of the complete floor. Due to the many parameters in the design of a concrete structure, 

the control over the multiple aspects is critical. 

6.4.3.1  Design case A: Old loading situation  

The first design situation is the old loading situation. The floor structure meets the requirements for 

the strength and deflections from the old loading case: �Vw � 2,50 kN "%U . 

Mö÷ ≥ Mø÷,ùú÷          6-46 

wüùýþú ≤ 0,004 ∗ L (� 1 250U ∗ L)       6-47 

The floor section with height and steel section is designed to exactly meet the requirement. So that:  

Mö÷ � Mø÷,ùú÷          6-48 

wüùýþú � 0,004 ∗ L (� 1 250U ∗ L)      6-49 

To find true-to-life variations of the reinforcement ratio, two interesting sections are designed with a 

constant structural height but a changed steel section. One section with less reinforcement and one 

with more reinforcement. 

6.4.3.2  Design case B: Accidental loading situation 

As mentioned earlier, the structural improvement is possible if the main structure can withstand the 

new accidental loading combination without any structural improvement. The loading on the floor 

structure is the accidental loading, taking in account the new live load case of: �Vw � 5,00 kN "%U . 

Mö÷ � MþÂÂ,�ø�         6-50 

The required steel section is substantially lower as the loading is reduced and no requirement for the 

maximum deflection is set. 

6.4.3.3  Design case C: New loading situation  

The final floor design is made for a structure with over capacity. The floor structure has the capacity 

to withstand the bending moment in the new loading situation. 

Mö÷ � Mø÷,�ø�         6-51 

The structural improvement needs to improve the stiffness for the structure to remain within the 

deflection limits. 
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6.4.4 Overview of floor designs 

All floors designs result in floor numbers as reference: 

 Design case A Design case B Design case C 

L=4000mm C20/25 1 2 3 

C45/55 4 5 6 

L=6000mm C20/25 7 8 9 

C45/55 10 11 12 

L=8000mm C20/25 13 14 15 

C45/55 16 17 18 
Table 6-6 Floors used in the study with number. 

The numbers are used as reference throughout the report. Floor number 7 is used in the more in-

depth assessment of the different structural systems. 

6.4.5 Designed Floor sections  

In the table below, the designed floor sections are listed. The six groups of floors are highlighted to 

show the variation in the reinforcement ratios and the design criteria. 

Floor 

Number 

Designed criterium Length 

(mm) 

Concrete 

class 

Height 

(mm) 

As 

(mm2) 

ρs (%) 

1 A: �7�,�8�  & �è��l8,�8�  4000 C20/25 160 356 0,254 

2 B: �l��,�7 4000 C20/25 160 238 0,170 

3 C: �7�,�7 4000 C20/25 160 493 0,240 

4 A: �7�,�8�  & �è��l8,�8�  4000 C45/55 130 412 0,375 

5 B: �l��,�7 4000 C45/55 130 268 0,244 

6 C: �7�,�7 4000 C45/55 130 586 0,533 

7 A: �7�,�8�  & �è��l8,�8�  6000 C20/25 270 601 0,240 

8 B: �l��,�7 6000 C20/25 270 426 0,170 

9 C: �7�,�7 6000 C20/25 270 773 0,309 

10 A: �7�,�8�  & �è��l8,�8�  6000 C45/55 230 649 0,309 

11 B: �l��,�7 6000 C45/55 230 452 0,215 

12 C: �7�,�7 6000 C45/55 230 854 0,407 

13 A: �7�,�8�  & �è��l8,�8�  8000 C20/25 400 912 0,240 

14 B: �l��,�7 8000 C20/25 400 673 0,177 

15 C: �7�,�7 8000 C20/25 400 1114 0,293 

16 A: �7�,�8�  & �è��l8,�8�  8000 C45/55 330 979 0,316 

17 B: �l��,�7 8000 C45/55 330 709 0,229 

18 C: �7�,�7 8000 C45/55 330 1227 0,396 

 

See annex: C for all M-Kappa diagrams. 

All floor sections are evaluated based on the old and the new live loading cases.  
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6.5  Results  

In the assessment of the floor sections the loading is used as a variable to gain insight in the 

structural behavior. For all floors, live loads are taken as 2,50 and 5,00kN/m2 for the old and new 

load combination. This increased live load represents the intended function change. 

The loading of the floor structures is shown in the table below. 

Floor number Length 

(mm) 

Concrete 

class 

Height 

(mm) 

WP 

(xy zaU ) 

WQ,�¾X 

(xy zaU ) 

WQ,Êd� 

(xy zaU ) 

1, 2, 3 4000 C20/25 160 5,00 2,50 5,00 

4, 5, 6 4000 C45/55 130 4,25 2,50 5,00 

7, 8, 9 6000 C20/25 270 7,75 2,50 5,00 

10, 11, 12 6000 C45/55 230 6,75 2,50 5,00 

13, 14, 15 8000 C20/25 400 11,0 2,50 5,00 

16, 17, 18 8000 C45/55 330 9,25 2,50 5,00 
Table 6-7 Loading on structure per floor group 

For the base floor structures, the calculations are based on 

the two main loading situations. For floor structure number 

7, the assessment is done based on a wider variety of live 

loading levels, 0 to 10,0 kN/m2. This more detailed set of 

results is used to obtain more information of the structural 

aspects of the improvement methods, and most important 

the limitations of the methods. The full assessment of floor 

number 7 in combination with the calculations of all floors 

for the two loading cases is used to obtain and assess the 

structural behavior of the structural floor in combination 

with the different improvement methods. 

 Table 6-8 Increase in loading for new loading situation 

6.5.1 Strength of floors section 

With the increase of loading on the floor, firstly the bending moment capacity is checked with the 

new total loading on the floor. Used for the base of the study, the concrete floor designs are used as 

reference for the various improvement methods. 

With the large self-weight of the concrete floors, for thicker floors the increase of live loading does 

not affect the total bending moment less than for slender floors. For all structures the live load per 

meter is increased by: 

• Increase of live load   2,50  -> 5,00 kN/m2  

For the further assessment of floor 7, the live load is increased with steps of 1 kN/m2 to elaborate the 

behavior further. 

• Increase of live load  0 -> 10 kN/m2 

 

Floor number Increase WºX,Êd� 

Increase W_,Êd� 

1, 2, 3 38% 33% 

4, 5, 6 42% 37% 

7, 8, 9 29% 24% 

10, 11, 12 32% 27% 

13, 14, 15 22% 19% 

16, 17, 18 25% 21% 
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6.5.1.1  Bending moment 

In the graphs below, the moment curvature relation for floor 7 until 12 with a length of 6,0m is 

shown, the rest of the diagrams is added in annex C. The left graph shows the behavior of floors with 

concrete class C20/25, the in right graph floors with C45/55 is shown. 

  

Figure 6-14 Moment-curvature diagrams for floor spans: 6,0m Left: concrete class C20/55, Right: concrete class C45/55 

The cracking moment (��)  is higher for the sections with concrete class C45/55, as the tensile 

strength ()���) of the concrete is higher. As the reinforcement has little influence on the strength of 

the un-cracked section the sections with varying reinforcement, the cracking moment is almost 

constant (+/- 2kNm) and the curvature is very small. 

For the yield moments (�´�) for both classes the curvature is similar, as the yield strain is constant 

for all sections. The Yield moment is higher with larger reinforcement sections as the steel behaves 

linear consistent with Hook’s law and small compressive strains in the concrete do not affect the 

stress distribution much. 

The moment of plastic deformation of the concrete (��,v8) and the Ultimate moment (���) show 

more deviation when looking at the reinforcement ration and the concrete strength. The 

compressive strength is higher (13,3 N/mm2 vs. 30,0 N/mm2) and the crushing strain is ��¨ � 1,75 ‰ 

for both classes. For the designed sections, the crushing and ultimate moment are slightly lower for 

C45/55 as the height of the section is smaller. The change of concrete class leads to larger strains and 

therefore larger deformations. 

The loading on the floor consists of self-weight and live load. Larger spans mean thicker designed 

floors, this means the increase of total moment in the floor is different for each floor. 

The increase of the live loading on the floors leads to increased bending moments on the floor 

structure. In the table below the increase of the maximum bending moment on the structure is 

shown. The self-weight of the floors for each design group is equal, this means the loading for all 

floors in the group is equal. 
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The constant height of the floors of each group leads to the increase of bending moment by the 

change of live load. The increase of total bending moment reduces for the thicker floor sections. 

Floor number Length 

(mm) 

Concrete 

class 

Height 

(mm) 

���,	
� 

(kNm) 

���,y�� 

(kNm) 

Increase 

(%) 

1, 2, 3 4000 C20/25 160 19,5 27,0 38,5 

4, 5, 6 4000 C45/55 130 17,7 25,2 42,4 

7, 8, 9 6000 C20/25 270 58,7 75,6 28,7 

10, 11, 12 6000 C45/55 230 53,3 70,2 31,7 

13, 14, 15 8000 C20/25 400 135,6 165,6 22,1 

16, 17, 18 8000 C45/55 330 118,8 148,8 25,3 

Table 6-9 Bending moments from old and new loading situation 

6.5.1.2  Shear strength 

When loaded by a constant line load the maximum shear force on the floor structure is located at the 

supports. This shear force in the floor structure compared to the shear strength of the concrete 

section are relatively small. 

The table below show the shear force based on the new loading situation.  

Floor number Length 

(mm) 

Concrete 

class 

Height 

(mm) 

�ºX (/
zza)  

 ����
/zza) 

1, 2, 3 4000 C20/25 160 0,17 < 0,44 

4, 5, 6 4000 C45/55 130 0,19 < 0,66 

7, 8, 9 6000 C20/25 270 0,19 < 0,41 

10, 11, 12 6000 C45/55 230 0,20 < 0,65 

13, 14, 15 8000 C20/25 400 0,21 < 0,35 

16, 17, 18 8000 C45/55 330 0,23 < 0,57 

Table 6-10 Maximum shear stress in floor sections 

The shear resistance of all floor groups is sufficient to bear the shear force from the external loading. 

The check from the Eurocode is based on the simple calculation of the shear capacity of the floors. 

1��  ≤  1��             6-52 

The calculation of the shear resistance is based on the concrete section without reinforcement. The 

value of  1��  the minimal shear strength of the section and the actual shear strength is higher. The 

approach used is a conservative way to ensure the structure will not fail as a result of shear force. 

The floor structures have a considerable higher shear strength than the acting shear stress. 

1�� ≪  1��           6-53 

For floor structures, the improvement focusses on the internal forces that lead to the bending 

moments and deflections. The floors in this study do not require structural improvement for the 

shear forces at the supports.  

The maximum live load for the floor structures based on the shear force limit is shown in the table 

below, here the value of the maximum shear force is added. Note the check for the maximum 

allowable shear force is based in the un-cracked section at the supports. 
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Floor number W¾½�d �_/z) �ºX �_� 

1, 2, 3 19,6 70,8 

4, 5, 6 25,2 85,8 

7, 8, 9 18,4 110,7 

10, 11, 12 27,8 149,4 

13, 14, 15 14,5 139,8 

16, 17, 18 24,0 188,4 

Table 6-11 Maximum live load based on the shear strength at the floor supports. 

From normal use of the floor structures used in this study, the live loading will never reach the 

maximum values as shown in the table. 

6.5.1.3  Critical loading per group 

The strength of the floor in the groups is shown in the table below. The floors from design case A are 

used as reference value and the strength of the floors after variation in reinforcement ratio is shown. 

The difference in strength as a result of reinforcement ratio variation is expressed in the last column.  

Number Design 

Case 

MRd   

(kNm) 

(%) Difference 

1 A 19,51 100 - 

2 B 13,04 66,9 -33,1 

3 C 27,0 138,5 38,5 

4 A 17,7 100 - 

5 B 11,5 65,0 -35,0 

6 C 25,2 142,2 42,2 

7 A 58,8 100 - 

8 B 41,7 70,9 -29,1 

9 C 75,7 128,6 28,6 

10 A 53,4 100 - 

11 B 37,2 69,6 -30,4 

12 C 70,21 131,6 31,6 

13 A 135,7 100 - 

14 B 100,1 73,8 -26,2 

15 C 165,7 122,1 22,1 

16 A 118,82 100 - 

17 B 86,0 72,4 -27,6 

18 C 148,9 125,3 25,3 
Table 6-12 Difference in bending moment resistance of floors 
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6.5.2 Deflection of floor 

Form the set of floor designs and the loading situations the behavior of the deflection is assessed. As 

discussed in the previous paragraph (VERZIJZING), the deflection is calculated with the characteristic 

value of the loading. In the table below, the deflection in the old (2,50kN/m2) and new (5,00kN/m2) 

loading situation are shown. Most significant is the increase of deflection for the thinner floor 

sections. The percentage of the live load in the total loading on the floor is larger than for thicker 

floors. 

Number Design 

Criterium 

wTotal,old   

(w/Lg) 

wTotal,New   

(w/Lg) 

(%) Difference 

1 A 0,0037 0,0056 149,0 49,0 

2 B 0,0042 0,0065 152,2 52,2 

3 C 0,0033 0,0049 146,1 46,1 

4 A 0,0037 0,0061 163,6 63,6 

5 B 0,0041 0,0068 167,6 67,6 

6 C 0,0034 0,0055 160,0 60,0 

7 A 0,0039 0,0051 130,6 30,6 

8 B 0,0045 0,0060 132,1 32,1 

9 C 0,0035 0,0046 129,4 29,4 

10 A 0,0035 0,0048 137,1 37,1 

11 B 0,0038 0,0053 139,1 39,1 

12 C 0,0032 0,0044 135,5 35,5 

13 A 0,0039 0,0048 121,3 21,3 

14 B 0,0046 0,0056 122,1 22,1 

15 C 0,0036 0,0043 120,7 20,7 

16 A 0,0040 0,0050 126,0 26,0 

17 B 0,0044 0,0056 127,1 27,1 

18 C 0,0037 0,0046 125,1 25,1 
Table 6-13 Deflection of floors with new loading situation. 

As seen in the table above, the deflection increase for all floors is shown after the increased loading 

is applied. The largest increase of deflection is caused by the characteristic loading and the long-term 

loading on the floor.  

In the graphs below, the deflection, expressed as a unit in deflection per length (mm/mm), is shown 

for 6 floors. This is done to compare the deflections for floors with different spans. Per floor length a 

graph is shown. For the floors out of concrete class C45/55, the deflection increases quicker than for 

the floors with C20/25. As the self-weight of the floor is a large part of the total loading on the floor, 

a more slender floor will react more to an increase of loading. 

   

Deformation per length (mm/mm) floors 1 & 4, floors 7 & 10, and floors 13 & 16 
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The stiffness of the floors with the higher concrete class, C45/55 is lower than the values for sections 

with concrete class C20/25.  

The stiffness of the complete floor is depending on the moment distribution over the floor. The 

increase of the total moment relative to the crack moment and yield moment is determining the 

decrease of stiffness, i.e. the increase of deflection. 

Increasing loading on the floor leads to a less stiff structure. Loss of stiffness is how big? 

Number Design 

Criterium 

wTotal,old   

(xLength) 

(%) Difference 

1 A 0,0037 100,0 0,0 

2 B 0,0042 113,1 13,1 

3 C 0,0033 89,2 -10,8 

4 A 0,0037 100,0 0,0 

5 B 0,0041 109,1 9,1 

6 C 0,0034 91,8 -8,2 

7 A 0,0039 100,0 0,0 

8 B 0,0045 115,1 15,1 

9 C 0,0035 89,5 -10,5 

10 A 0,0035 100,0 0,0 

11 B 0,0038 109,2 9,2 

12 C 0,0032 92,6 -7,4 

13 A 0,0039 100,0 0,0 

14 B 0,0046 115,7 15,7 

15 C 0,0036 90,4 -9,6 

16 A 0,0040 100,0 0,0 

17 B 0,0044 111,3 11,3 

18 C 0,0037 92,1 -7,9 
Table 6-14 Difference deflection of floors with old loading situation 

 

6.5.2.1  Stiffness of sections 

For the designed floor sections, the stiffness is assessed with respect to relative loading levels. Taking 

the tension stiffening coefficient for a range of acting bending moments results in the overall 

stiffness of the floor for different loading levels. The loading levels are expressed as the level of 

bending moment in the floor section. The bending moment ratio is expressed as: 

Þ � ~©�~¡á          6-54 

For bending moments lower than the crack moment the stiffness is equal to the uncracked floor 

section. Here the factor Þ � 1,0. In the calculation of the tension stiffening coefficient, the bending 

moment ratio is the only variable for a floor section and calculated as: 

Ü � 1 { Ý�Ý%�Þ�%         6-55 

  



68 

 

In the table below, the values for the tension stiffening coefficient are shown for different bending 

moment ratio’s 

u Short 

term � 

Long 

term � 

1,00 0,00 0,50 

0,83 0,31 0,65 

0,71 0,49 0,74 

0,63 0,61 0,80 

0,56 0,69 0,85 

0,50 0,75 0,88 

Table 6-15 Ratio of bending moment and resulting value of tension stiffening coefficient. 

For larger values of tension stiffening, the stiffness of the beam is more based on the cracked 

stiffness, Ü � 0 means the stiffness is fully based on the un-cracked section. As seen from the table 

above, for short term loading cases, the tension stiffening starts to affect the stiffness when the 

acting moment exceeds the crack moment as Ü ≥ 0 must be true. For the long-term loading 

situations, the value of Þ can be larger than 1,0 so the stiffness EIeff is reduced from EI1 for acting 

moments smaller than the crack moment. Resulting in more reduction of stiffness over the length of 

the beam. 

The stiffness for the long-term loading situations is calculated with the same formula as the short-

term loading situation, the factor β2=0,5 is included for the calculation tension stiffening coefficient 

for the long-term loading situations. This results in the long- and short-term stiffness, with the 

tension stiffening coefficient included, behaving different under increasing loading levels. As seen in 

the graph below, for floor number 7, the long- and short-term stiffness values are shown for loading 

levels of 
~á~©� � 1 until 2. So, the acting moment is twice as large as the crack moment.  

 

Table 6-16 Short- and long-term effective stiffness of floor 7  

As seen in the graph, the short-term stiffness is much higher than the long-term stiffness, also the 

effect as a result of the tension stiffening is less for the long-term stiffness. The difference in stiffness 

is the result of the creep factor as a reduction factor on the short-term stiffness of the concrete. The 

factor β2=0,5 in the calculation of the tension stiffening coefficient for long-term loading cases leads 

to an effective stiffness for the un-cracked sections reduced by 50%. The combination of both leads 

to a much lower stiffness for the long-term loading cases.  
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When comparing the stiffness of both concrete classes, the reduction of stiffness for increased acting 

loading is larger for higher concrete classes. As seen in the graph below, the stiffness for the floors 

with length 6 meters is shown. Here the increasing moment is expressed relative to the crack 

moment. 

 

Table 6-17 Long term stiffness of floor 7 (C20/25) and 10 (C45/55) 

The stiffness of the un-cracked section is larger, and the stiffness of the cracked section is lower for 

floors with C45/55 with respect to C20/25. This leads to a larger reduction of stiffness as the level of 

bending moment on the floor increases. In the graph above, floor number 7 with C20/25 and floor 

number 10 with C45/55 are shown. The ratio 
~á~©� is used to show the level of bending moment with 

respect to the crack moment. The crack-moment of the floors with C45/55 is for all floors a little 

higher. 
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6.5.3 Vibrations of floor 

From the calculation of the OSR-method, the classifications of the designed floor sections are shown 

in the graph below. The graph is a combination of the values for the floors found from the calculation 

of the deflection and the modal mass and the OS-RMS classification graph for concrete floors without 

furniture present. This graph is based on a damping factor of 2%, from only the concrete floor. 

   

Figure 6-15 OS-RMS graph with all floor types for old and new loading combination 

In the graph above, the results of the vibration check for all floor structures are shown in the new 

and the old loading situation. As seen, the change of live load from 2,50 kN/m2 up to 5,00 kN/m2, 

does not lead to a large change of acceptance class. As the quasi permanent loading is used in the 

calculation, only a small part of the live load implicates the vibration behavior. For the function, 

office and meeting room, the score on the acceptance class is the same.  

For the function change as the base of the study does not lead to major implications on the usability 

with regard to the vibrations. Therefore, the vibrations are not critical in the assessment of the 

floors. 

When looking at the larger live load increase as 

calculated for floor number 7, the large increase of live 

loads does leads to a significant change in the 

deflection behavior. Especially for the more slender 

floor sections, large live loads should to be assessed in 

more detail with respect to the vibrations of the 

structure.  

 

 

 

Figure 6-16 OS-RMS graph for floor structure 7 with live load of 0 to 

10 kN/m2.  
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6.6  Starting point for improvement 

From the results of the different floor types in the previous paragraph, the structural improvement is 

required to improve the:  

- Strength of the floor 

- Stiffness of the floor 

For the different improvement methods, the design criteria in the design of the material section and 

geometry are based on these criteria. The assessment of each improvement method is expanded 

with specific limitations for each method. 

 

Figure 6-17 Overview of structural schemes 
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7.  Analysis of Glued Carbon Fiber Reinforced Polymer Laminates 

The structural improvement of concrete structures has been done by the implementation of carbon 

fiber reinforced polymer Laminates glued to the outside of the structure with a special adhesive. This 

method has been used successfully on many floor structures. Therefore, the steps in the calculation 

of the concrete section in combination with the CFRP laminates is well documented. 

The addition of the laminates combines the structural properties of the existing concrete floor with 

the addition of an extra tensile element. The CFRP laminates in combination with the steel 

reinforcement take the tensile stress from the bending moments in the floor. The adhesive layer 

bonds the laminates to the concrete and ensures the proper strength for the full collaboration of the 

concrete, the steel and the CFRP laminates.  

The principle of CFRP laminates is explained, with the different calculation steps included. Most 

important calculations steps are:  

• The determination of the required section of CFRP polymer 

• Deflections of the floor with the addition of the Laminates 

• Maximum allowed stresses and strains in the laminates 

• Limitations of the system with the delamination of the strips as failure mechanism 

Results are found for the different floor sections with variations as mentioned in previous chapters. 

Most relevant results from the designs concern:  

• The determination of the required section of CFRP polymer 

• Deflections of the floor with the addition of the Laminates 

• Maximum allowed stresses and strains in the laminates and the adhesive 

• Limitations of the system with the delamination of the strips as failure mechanism 

 

Figure 7-1 Carbon fiber reinforced polymer laminated as structural improvement of a concrete floor structure 
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7.1  System 

The strength and stiffness of the floor section is increased by the addition of thin laminates with a 

high stiffness. Through the adhesive between the CFRP laminates and the concrete bottom surface of 

the floor, the combined section behaves as one composite element. In this element, the cracked 

floor section now consists of a concrete section, under compressive stress and a steel and a CFRP 

section under tensile stress.  

 

Figure 7-2 Forces and strains in CFRP reinforced concrete section 

By the addition of the CFRP laminates to the floor section, the internal force and moment equilibrium 

changed. Resulting in a change of force distribution for a constant bending moment sum.  

∑� � ����v�7$$K�L − ��7L$K�L        7-1 

���L��7�7 ∗ #��L��7�7 � �$�778 ∗ #$�778 + ����é ∗ #���é     7-2 

In combination with the force equilibrium, the internal moment equilibrium results in the height of 

the internal compression zone in the concrete. 

∑� � ���L��7� ∗ Ø� − �$�778 ∗ Ø$ − ����é ∗ Ø���é     7-3 

Similar to the calculation of the compression zone height in the ‘normal’ reinforced concrete floor, 

the height is calculated for specific internal loading levels. 

From the linear stress strain behavior of the materials for limited stress levels, the internal height of 

the compression zone is constant until the stress levels reach: 

- Yielding stress of the reinforcement steel:  σ° ß )�÷  at �� ß ��÷ 

- Plastic deformation stress of the concrete:  σÂ ß )��   at �� ß ��,v8   

7.1.1 CFRP-laminate Section 

The composition of CFRP laminates at the bottom of the floor structure leads to unlimited possible 

options with variation of: c.t.c. distance, thickness and width of the material. For the general 

assessment of the structural behavior of a CFRP reinforced floor, the variations are kept to a minimal. 

The focus of the study is not on the CFRP laminates but on the possibilities the material brings 

compared to other structural methods.  

In the study a single thickness of the material is used. With this thickness the total width of material 

required for the structural improvement of the floor structure is calculated. 

#9 �  (39 ∗ 09)   Total section required to increase strength and stiffness of the floor. 
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09 � 1,2""    Thickness of the CFRP laminates 

39 � #9 ∗ 09    Total width of the laminates at the bottom of the floor structure. 

In the assessment of all floors throughout the study, the required CFRP section is expressed as 

section per meter width. 

The common width of a single laminate is 50 mm to 100 mm. The delamination calculations are 

based on connection surface of the laminates, for the calculations, a round number of laminates is 

used and the width is varied between 50 mm and 100 mm. 

Reference material used for the study is the “Horse Carbon Fiber Strip” (Horse, n.d.). 

7.1.2 Composite action 

The composite action of the concrete floor section and the laminated is fully dependent on the 

adhesive and bond to both materials. Through the adhesive layer the stresses are transferred into 

the CFRP laminates. The loss of composite action leads to the loss of strength of the floor section. 

Therefore, the calculation of the delamination failure mechanisms is a crucial part of the structural 

calculation of the CFRP in forced floor structure. 

The execution surface bond check for an existing floor is not part of this study, the structure is 

assumed to be suitable for application with CFRP. 

7.1.3 Application  

Physical limits of the material result in a maximum width of laminates to fit under the floor. The 

maximum section possible under the floor sections results from the thickness of the laminates and 

the floor width. With a thickness of 1,2mm and a floor section width of 1000mm the physical limit is 

1200mm2. This limit is practically not possible as the laminates are produced in strips which require 

some space in between the rows for hardening of the adhesive. Here the limit results in a minimum 

distance between the individual laminates of 40mm (J.-Y. Kang J.-S. Park, Y.-J. You, and W.-T. Jung, 

2005). 

In contrast to the maximum possible and allowable composition, the minimum CFRP section is based 

on the c.t.c distance of the laminates. Large spacing leads to the improper composite action of the 

floor and the laminates as the floor section between the laminates does not gain sufficient from the 

strength of the CFRP. Limits for maximum spacing from the CUR-91 (Niemantsverdriet et al., 2007) 

are stated as: 

Maximum distance between strips:   

- 0,2* Floor Span 

- 5* Floor thickness 

This limitation is not critical for the floor evaluated in the study, as the required width of CFRP 

laminate does not leads to the maximum distance. The use of laminates of 50 of 100mm result in 

close c.t.c spacing. 

The primary requirement for the structural use of CFRP laminates is the sufficient bond strength of 

the concrete. The value of the bond strength needs to be checked at the location on the side where 

the laminates are paced. In this study the representative bond strength of concrete surface is taken 

as: )M�7v � 0,7 ∗ )���. 
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It is required that the placement of the laminates is performed by a specialist company with certified 

workers. Also, a full report needs to be made with all materials and their heritage used with the full 

structural calculation of the floor with the CRFP laminates. 

During application of the laminates most critical aspects are (Horse, 2019): 

- The laminates and the glue allow for small unevenness’s on the concrete surface. Large 

defects on the floor surface need to be repaired. 

- The concrete needs to be clear of any obstacles. 

- Limited time to place the laminates in the glue, from example material: 70 minutes, then the 

adhesive is dry to the touch. 

- After 3 to 7 days the adhesive is fully cured, depending on the climate in the building. 

Additional to the limits mentioned above, the practical limit for the distance between laminates is 

stated in the publication: ‘Analytical Evaluation of RC Beams Strengthened with Near Surface 

Mounted CFRP Laminates’ (J.-Y. Kang J.-S. Park, Y.-J. You, and W.-T. Jung, 2005) 

- Minimum of 40mm spacing between the laminates.  

The post treatment of the laminated with a fire protective coating is always required. 

7.2  Properties 

The structural properties of the CFRP laminates are assumed to behave linear. Due to the high tensile 

strength of the material, the mutilate stress and strain will never be reached.  

The stiffness of the CFRP material is: 
9 � 165000 N mm%U , with the ultimate strain of �9� � 1,7% 

Hook’s formula is used to calculate the ultimate tensile stress. 

)9� � 
9 ∗ �9� (� 2805 5 ""%U )       7-4 

7.2.1 Design strength of CFRP laminates 

In the composite section of concrete, steel and CFRP, ultimate stress as described in the previous 

chapter will never be reached since other failure mechanisms will occur for smaller internal strains. 

In the design of the structural reinforcement with CFRP laminates, the limited maximum strain of 

0,5%. This limited maximum strain is used as the floor section is most likely to fail due to debonding 

before the tensile failure of the strips. 

With the maximum strain of �9 � 0,5% and the linear stiffness of the material of Eµ �165000 

N/mm2, the maximum stress used for the design of the section is, based on Hook’s Law: 

�9 � 
9 ∗ �9  � 825 5 ""%U        7-5 

7.2.2 Bond strength of concrete surface 

To ensure the assumed composite action within the reinforced floor section, delamination is critical. 

In Cur recommendation 20 (Stoelhorst et al., 1990), the minimum value of the bond strength of the 

concrete surface for the use of CFRP strengthening is: 1,5 N/mm2 

The maximum representative bond strength of concrete surface is taken as:  

)M�7v � 0,7 ∗ )���           7-6  
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7.3  Calculations 

The calculation of the floor structure improved with CFRP laminates is based on the assumptions and 

steps from the CUR-91 Recommendation (Niemantsverdriet et al., 2007), Fib-Bulletin 14 (FIB, 2001) 

and textbook “Cement en Beton 4” (Braam, 2012). These reports and books discuss the steps 

required to take to calculate and ensure a safe building structure. 

7.3.1 Ultimate resistance of CFRP reinforced floor section 

The ultimate strength of the CFRP strengthened floor section is based on the internal bending 

moment. The ultimate bending moment resistance can be calculated for the maximum concrete 

stress and for the maximum stress in the steel and CFRP sections with the following formulas. 

��� �  ® ∗ )�� ∗ . ∗ � ∗ �� { Ý ∗ ��          7-7 

��� �  #$ ∗ )́ � ∗ �� { Ý ∗ �� + #9 ∗ 
9 ∗ ԑ9 ∗ �ℎ { Ý ∗ ��     7-8 

The height of the compression zone is calculated with the linear stress strain relation of the 

materials. 

For the CFRP reinforced floor section, characteristic bending moment levels and curvatures can be 

calculated. Similar to the normal concrete floor section, the moment-curvature diagram can be 

determined with critical moments: 

- Yield moment (�´�,���é) with specific: κ´�,���é 

 Reinforcement starts to yield: �$ � )́ � 

- Plastic deformation of concrete (�ԑ9) with specific: κԑ9 

 Concrete fiber under maximum compression deforms plasticly: ԑ9 � 0,5% 

- Ultimate moment (���,���é) with specific: κ��,���é  

 Concrete fiber under maximum compression fails: ���,¨ � 3,50‰ 

In the graph below, the Moment curvature diagram of the normal floor is compared to the diagram 

of the CFRP reinforced concrete floor. The properties of floor section number 7 are shown in the 

table below. Where the bending moment resistance is higher but also the curvature smaller. So, the 

section behaves more stiff. 

  

Figure 7-3 Moment curvature diagram of CFRP reinforced floor 7 with properties in table, CFRP section for bending moment 

limit 

Lg  

(mm) 

h  

(mm) 

d  

(mm) 

As  

(mm2) 

Concrete 

class 

ρ Af (mm2) 

6000 270 250 601 C20/25 0,240 96 
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As reference to the previous floor section with laminate, designed to improve the strength of the 

floor, in the graph and table below, the same floor is shown with a larger CFRP section. It shows the 

ultimate strength of the section is increased but also the yield moment is increased. Most relevant is 

the curvature at the yield moment in the section is similar. So, the stiffness of the cracked section is 

higher. 

  

Figure 7-4 Moment curvature diagram of CFRP reinforced floor 7 with properties in table with CFRP section for deflection 

limit 

 

7.3.2 Design section CFRP 

With the old and new loading situation the bending moments in the floor are determined. With the 

knowledge of the floor section the maximum allowed resistance of the concrete section itself is 

known. With the maximum bending moment and the resistance, the minimum required strength 

increase from the addition of the CFRP-cross section is calculated: 

#9,�KL � ~àá,�¡�Û~�á
±ì∗h,âí∗�           7-9 

Where �9 � �9 ∗ 
9 is the stress in the CFRP section and 0,95 ∗ � is the internal lever arm of the 

CFRP laminate for the calculation of for the internal bending moment. 

The #9,�KL from this calculation is the minimum required section to ensure the strain in the 

laminated is limited to �9 � 0,5%. With the maximum strain limited to �9 � 0,5%, the laminates will 

not fail due to delamination. The delamination is discussed in more detail in chapter: 7.3.4.  

In formula (AF min) the maximum stress in the CFRP section is limited to σµ � 825 N mm%U . From the 

internal equilibrium the required CFRP section is calculated. 

 

  

Lg  

(mm) 

h  

(mm) 

d  

(mm) 

As  

(mm2) 

Concrete 

class 

ρ Af (mm2) 

6000 270 250 601 C20/25 0,240 564 
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7.3.3 Calculations for the serviceability (SLS) 

In the calculations concerning the serviceability, the guidelines from the CUR 91 recommendations 

are used to check the structural behavior of the strengthened floor. In this chapter the most relevant 

aspects are addressed. 

7.3.3.1  Limited Steel stress 

For the floor loaded in the serviceability state, the reinforcement steel in the floor section cannot 

reach yielding stress. This ensures limited strain and the loss of composite action for the 

serviceability state will not occur. The check states: 

�$ < )́ �           7-10 

Therefore, the bending moment in the SLS calculation should not exceed the yield moment of the 

CFRP reinforced section. 

�w < �´�          7-11 

In chapter 7.3.4. the delamination failure criteria are discussed in more detail. 

7.3.3.2  Stiffness of CFRP reinforced floor section 

With the horizontal sum of forces in the section being zero, the compression zone height in the 

concrete is for the cracked concrete section with CFRP included: 

∑× � 0          7-12 

�% ∗ . ∗ �% − ®$ ∗ #$ ∗ (�$ − �) − ®9 ∗ #9 ∗ ��9 −∗ �� � 0    7-13 

This results in the height of the compressive zone for the section. As the material behaves linear, the 

compression zone is constant for all levels of bending moment. With the height x of the compression 

zone, the second moment of inertia of the section is calculated. In the calculation of the stiffness of 

the combined section, the factor ®9 � 
9/
� is used for the ratio between Youngs modulus of CFRP 

and concrete. 

The second moment of area of CFRP reinforced concrete floor section is determined: 

���,���é � �̈ ∗ . ∗ �¨ − ®$ ∗ #$ ∗ (�$ − �)% − ®9 ∗ #9 ∗ ��9 − ��%
    7-14 

The stiffness of the reinforced section is by the ratio of the value second moment of inertia of the 

concrete section with and without CFRP laminates.  


���,���é �  
��� ∗ ���,����
���         7-15 

Compared to the stiffness of the fiber reinforced section found from the moment curvature diagram, 

the approximation is acceptable. These steps are taken for the cracked and un-cracked sections for 

the short and the long-term stiffness. The stiffness used in the calculations are referred to as: 

- Short-term stiffness of un-cracked section  
��,h,���é 

- Short-term stiffness of cracked section   
���,h,���é 

- Long-term stiffness of un-cracked section  
��,Ä,���é 

- Long-term stiffness of cracked section   
���,Ä,���é 
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7.3.3.3  Deflections 

Similar to the calculation of the deflection of the base floor structure, the stiffness of the discretized 

elements is determined. By using the Method of double integration, the total deflection is calculated. 

The imposed deflection is the additional deflection on top of the deflection caused by the permanent 

loading. 

After the time of application, the increase of stress and strain in the floor section is taken by means 

of the newly applied CFRP laminates. Deflections present from previous loading cases will not be 

reduced after the CFRP is applied.  

From chapter 7, the deflection of the existing floor structures is calculated. Here it is found that the 

long-term deflection is a large part of the overall deflection of the floor. The improved stiffness by 

the addition of the CFRP laminates acts on the increased part of the loading.  

The deflection in the concrete floor is calculated by: 

����l8 � �w + ��uv,∞ { �uv,0)         7-16 

The long-term loading is calculated by:  

���L�Û�7�� � �S + ��uv,∞ { �uv,0)        7-17 

For all floor designed sections, the long-term deflection present before increase of loading is shown 

in the table below. 

The design criterium for the deflection after the application of 

the improvement methods is: 

���v�$7� < 0,003 ∗ j      7-18 

With the deflection present in the structure, this design 

criterium is impossible to meet when the improved stiffness 

effects the deflection caused by the increase of loading. The 

old loading leads to deflections close to the limit of 0,003*L. 

As the exact structural behavior is not the main goal of the 

study, the deflection calculation is simplified. 

The defection of the beam element is fully based on the CFRP 

strengthened floor section. The assumption is made that no 

deflections are present at time of application.  

 

  

Number WLong-term   

(mm) 

Wlong-term   

(w/Lg) 

1 11,6 0,0029 

2 13,3 0,0033 

3 10,2 0,0026 

4 12,1 0,0030 

5 13,3 0,0033 

6 11,0 0,0027 

7 19,5 0,0032 

8 22,7 0,0038 

9 17,3 0,0029 

10 18,0 0,0030 

11 19,8 0,0033 

12 16,6 0,0028 

13 27,1 0,0034 

14 31,5 0,0039 

15 24,4 0,0030 

16 27,5 0,0034 

17 30,8 0,0039 

18 25,2 0,0031 
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7.3.3.4  Crack width 

According to the CUR-91 report, a check for the crack width is recommended for the floor section 

with CFRP laminates. The check is based on the steel stress levels prior and after application of the 

laminates. With the increased loading, the crack width for the un-strengthened floor does not exceed 

the maximum crack. Therefore, with the increased stiffness, the CFRP improved floors do not lead to 

increased crack widths. 

From the initial strain present at the moment of improvement, in combination with the additional 

strain of the strengthened floor, the steel stress in the reinforcement is calculated. With this steel 

stress the crack width is calculated in the same way as for the normal concrete floor. The linear 

stress-strain relation of the reinforcement steel is used to calculate the strain and therefore the crack 

width. 

The full calculation of the stress is fully elaborated in chapter 9 of the book ‘Cement en Beton 4: 

Ontwerpen in Gewapend beton’ (Braam, 2012) and not addressed further in this report. 

 

7.3.3.5  Sufficient warning ability  

Since serviceability is the normative limit state, the required CFRP-section is larger than the initial 

design based on the strength. With larger sections of CFRP, similar to the maximum steel 

reinforcement ratio, the danger of brittle failure needs to be taken in consideration. The structure is 

required show external defects or warning signs before failure occurs. For the CFRP laminate 

improved floor section, the curvature for the ultimate moment and the yield moment are limited by: 

��
�¡ ß 1,50           7-19 

¥� = Curvature at failure is lowest value of possible failure moment for the concrete section 

with CFRP laminates as: 

 Curvature Concrete failure occurs at strain concrete: ���,¨ � 3,50‰ 

 CFRP failure occurs at strain in laminates of: �9� � 17‰ 

¥7 = Curvature at steel yielding 

 Steel yielding strain: 2,175 ‰ (strain yielding= fyd/ES) 

7.3.4 Delamination 

The structural capacity of the floor with the CFRP laminates is based on the combined strength of 

both materials. Delamination is the detaching of the laminates from the concrete section with the 

result that the bond strength is lost and no stress can be transferred.  

Delamination is calculated for four failure mechanisms.  

• Delamination at shear cracks 

• Delamination due to high sliding shear forces 

• Delamination by lack of Anchorage length 

• End anchorage shear force failure 

The calculations are used from the CUR-Aanbeveling (Niemantsverdriet et al., 2007), the full 

calculation steps are added to the annex F. 
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7.3.4.1  Delamination at shear cracks: 

The maximum value of the shear stress (����) in the section with CFRP laminates needs to remain 

within the shear resistance for delamination at shear cracks. 

���l� ≤ ����           7-20 

���l�   Maximum shear force resistance at ds from end CFRP laminate 

���� Maximum allowable shear force for delamination at shear cracks 

The shear force is maximum at the supports, so the section with CFRP laminates closest to the 

supports needs to be checked. The high shear force leads to stresses perpendicular to the CFRP 

laminates. This shear force needs to be taken on by the steel section, functioning as a dowel and the 

CFRP section. 

 

Figure 7-5 Location of maximum shear stress (Niemantsverdriet et al., 2007) 

7.3.4.2  Delamination high sliding shear forces 

The sliding shear stress between the concrete and the CFRP laminates has a limited strength from 

the bond strength of the concrete surface and the glue used to bond the laminates. When the steel 

starts to yield, the strain increases but the stress remains constant. At this point the sliding shear 

resistance of the bond needs to be sufficient. 

��7 ≤ ��$�           7-21 

��7    Shear at section where reinforcement yields (with shifted 

moment line not taken in account) kN  

��$� � ��$� ∗ Ø� ∗ .9  Maximum shear force resistance for delamination high 

sliding shear kN 

7.3.4.3  Delamination by lack of Anchorage length 

The tensile force in the CFRP section needs to be transferred to the concrete and the steel section. 

When looking at strength requirements, the CFRP section is required for the situation:  

��� ß ���,�           7-22 

At the location where ��� � ���,�, theoretically the floor section can bear the complete bending 

moment and the laminates can end. The strips are added to the complete length of the floor as the 

tensile force from the laminates is transferred to the concrete section. 

The maximum value of the anchorage force in the CFRP laminate is 5Ù9�l�, for this maximum force 

the minimum anchorage length, 2Ù9�l� is determined. Here the bond strength of the concrete and 

the glue is used in combination with the width of the laminates. The minimum bong length results in 
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a location of � � �2Ù9�l�� over the length. For this location, the acting bending moment is 

determined. 

����� +0 � � 2Ù9�l�          7-23 

The total bending moment results in the tensile force in the total CFRP section. This force is taken by 

the total number of strips: 

59��� �  
~á(�) LìU

��∗ �Å !¢∗à¢!ì∗àì"
          7-24 

The ratio of 59: 5$ depends on the material sections #9 and #$ in (mm2) and the stiffnesses 
9  and 
9 in (N/mm2). 

The tensile force needs to be smaller than the maximum anchorage force and the anchorage length 

present needs to be larger than the minimum required length. 

29��� ≥ 2Ù9���  for 59��� ≤ 5Ù9�l�        7-25 

29���     Length of CFRP from x to end of laminate 

59���     Tensile force in CFRP from x to end of laminate 

2Ù9���  Required anchorage length of CFRP beyond point x 

with 59��� 

2Ù9�l�      Anchorage length required for max force 5Ù9�l� 

5Ù9�l�    Maximum bond strength 

7.3.4.4  End anchorage shear force failure 

The failure of the end anchorage of the strips is based on the maximum shear force. The bond 

strength is required to prevent the peeling of the strips from the concrete. 

��� ≤ ����         7-26 

��� Shear force at section at ds from end CFRP near end 

support in kN 

���� �  ���� ∗ . ∗  �$  Maximum shear force resistance for End anchorage 

shear failure 
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7.4  Results  

The structural design of the CFRP section is based on the calculation aspects as discussed in the 

previous paragraph. To determine the required section, a set of design criteria are arranged. The 

result is the minimal section of CFRP laminate on the floor to fulfill this specific criterium. This section 

is put through the full set of calculations to determine if the specified section meets all critical checks 

for the material and structural aspects.  

The calculation of the CFRP laminates is based on multiple designed sections to assess the structural 

behavior and mainly the limits of the method. Sections are designed to assess: 

1. Strength requirements 

2. Deflection requirements 

3. Delamination requirements (Limitation of maximum strain) 

7.4.1 Initial strain 

A critical note is made to the calculations of the CFRP reinforced concrete floor. With the properties 

of a reinforced concrete section, the stresses and strains are calculated. Here, for a specific bending 

moment the stresses and strains are known. This property is used to determine the loading on the 

structure by measuring the strains at the bottom of the section. 

Since the floor structure has endured loading cycles, at time of improvement, it is deformed. This 

deformation is called the initial deformation and with this deformation, stresses and strains are 

present in the section. These are referred to as: Initial strain and initial stress. 

In the calculation of the initial strain, the linear behavior of the cracked concrete section is used. The 

value of �h, long-term bending moment present in the floor, is used to calculate the strain during 

improvement.  

In the calculation of the defection, of a CFRP reinforced floor, this initial strain is not included as 

mentioned before. For the calculation of the yield moment of the improved floor section, this initial 

strain is included.  

In the moment curvature calculation, the strain in the laminate is reduced by the initial strain. With 

the linear material behavior, Hook’s law is used to determine the stress in the elements in relation to 

the strain. 

The internal horizontal force equilibrium is calculated with: 

 ∑�#��K��L�l8 � 0 � 5��L��7�7 − 5$�778 − 5���é     7-27 

Where 5���é is limited due to the initial strain present in the floor section and the force in the steel 5$�778  is assumed to be on the yield limit. The reduction of the part taken by the CFRP laminate leads 

to a decrease of force in the concrete section. The lower internal forces result in a lower value for the 

Yield moment. Therefore, the increase of initial strain in the floor section leads to a lower rise of the 

Yield moment with the addition of CFRP laminate to the floor.  

 

7.4.2 Design criteria 

The assessment of carbon fiber reinforced laminates glued to a concrete floor is based multiple 

structural limits. These limits are referred to as design criteria and are determined to calculate the 
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required section of CFRP laminate for specific limits. By separating the different design criteria, more 

information is gained from the set of calculations performed on the floor structures. 

The design criteria used for CFRP improved sections are: 

1. Strength requirement      ���     > ���  

2. Deflection requirement   ���v   ≤ 0,003 ∗ 2 

The design criteria will lead to minimum sections required to comply with the criterium. For the 

assessment of improvement by CFRP laminates, two sections are designed for each floor structure. 

In practice, combining the different design criteria in order to create a safe structure, the largest 

section needs to be applied to the floor structure to ensure a safe floor. 

The results found with the design for both design criteria are secondly checked for: 

A. The CFRP reinforced section in the SLS loading situation exceeds the yield moment of the 

floor. This is not permitted according to cur recommendation 91, to ensure no delamination 

occurs, a larger section is required to ensure the yield moment is not exceeded. Also, the 

floor section behaves linear up to the yielding moment. 

B. The required width of CFRP section exceeds the width of the floor section (1000mm), with 

40mm spacing between the laminates. When this check is failed, the use of thicker laminates 

is required to ensure sufficient CFRP area to improve the floor. 

 

  



85 

 

7.4.2.1  Reinforcement for bending moment criterium 

The required increase of strength based on the new loading on the floor structures. The increase is 

done by adding a larger area of CFRP laminate to the bottom of the floor. 

Number MEd,new   

(kNm) 

Section 

Af (mm2) 

MRd,c   

(kNm) 

MRd,CFRP   

(kNm) 

MRd,New   

(kNm) 

1 27,0 72 19,5 7,5 27,0 

2 27,0 132 A 13,0 14,5 27,5 

3 27,0 0 27,0 0,0 27,0 

4 25,2 96 17,7 8,3 26,0 

5 25,2 168 A 11,5 14,5 26,0 

6 25,2 0 25,2 0,0 25,2 

7 75,6 96 58,8 18,8 77,6 

8 75,6 180 A 41,7 35,3 77,0 

9 75,6 0 75,7 0,0 75,7 

10 70,2 108 53,4 17,8 71,1 

11 70,2 204 A 37,2 33,6 70,7 

12 70,2 0 70,2 0,0 70,2 

13 165,6 108 135,7 32,2 167,8 

14 165,6 228 A 100,1 67,9 168,0 

15 165,6 0 165,7 0,0 165,7 

16 148,8 132 118,8 32,1 150,9 

17 148,8 264 A 86,0 64,1 150,2 

18 148,8 0 148,9 0,0 148,9 
Table 7-1 Required CFRP section to meet the strength requirements 

From the set of calculations, the most relevant checks for the designed sections result in: 

A. Exceedance of yield moment for SLS loading situation. 

Noted in the table above with a super script. 

The floors that do not meet check A, need to have a larger section of CFRP to make improvement 

structurally possible. 
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7.4.2.1.1 Floor structure 7 

For the analysis of the required CFRP section for a larger spread of live load, floor 7 is assessed with 

the same calculations and design criteria. In the table below the minimum required CFRP sections to 

meet the bending moment design criterium. 

 

With super script A the exceedance of the yield moment in the 

SLS state is noted. To meet this requirement, the section needs 

to be improved to increase the yield moment of the improved 

floor section. 

 

 

 

 

Table 7-2 Required CFRP section to meet the strength requirements for floor nr 

7. 

7.4.2.2  Reinforcement for Deflection criterium 

Here the required CFRP section for the increase of stiffness of the floor is shown. The maximum 

imposed loading is set to be: 

���v  ≤ 0,003 ∗ 2         7-28 

The section required to increase the stiffness is shown in the table below.  

From the set of calculations, the most relevant 

checks for the designed sections result in: 

A. Exceedance of yield moment for SLS loading 

situation. 

B. The required width of CFRP section exceeds 

the width of the floor section, with 40mm spacing 

between the laminates. 

Noted in the table with super script. 

Table 7-3 Required CFRP section for deflection design 

criterium 

 

Live load 

(kN/m2) 

MEd,new   

(kNm) 

Section 

Af (mm2) 

0 47,1 0 

1 50,5 0 

2 55,4 0 

3 62,1 24 

4 68,9 60 

5 75,6 96 

6 82,4 132 

7 89,1 156 A 

8 95,9 192 A 

9 102,6 228 A 

10 109,4 264 A 

Number wImp,new   

(xLength) 

Section 

Af (mm2) 

MRd,New   

(kNm) 

1 0,0051 528 74,7 

2 0,0060 624 78,3 

3 0,0045 432 72,2 

4 0,0056 924 B 96,2 

5 0,0063 1020 B 98,1 

6 0,0050 804 93,5 

7 0,0045 564 158,3 

8 0,0053 720 A 168,7 

9 0,0039 408 147,6 

10 0,0043 780 170,5 

11 0,0048 948 B 179,6 

12 0,0039 600 160,3 

13 0,0039 492 264,2 

14 0,0047 720 A 288,2 

15 0,0035 288 241,0 

16 0,0044 1056 B 346,4 

17 0,0050 1296 A,B  365,4 

18 0,0040 828 327,4 
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7.4.2.2.1 Floor structure 7 

For the analysis of the required CFRP section for a larger spread of live load, 

floor 7 is assessed with the same calculations and design criteria. In the 

table below the minimum required CFRP sections to meet the deflection 

design criterium. 

 

With super script B the exceedance of the maximum width of the laminates 

is noted. These floors cannot be strengthened by using laminates with a 

thickness of 1,2mm and with the calculation steps as used in this study. 

 

 

 

Table 7-4 Required CFRP section to meet the deflection for floor nr 7. 

7.4.2.3  Delamination 

Increasing the CFRP section on the floor makes the floor section stronger and stiffer. The bond 

between the CFRP and the concrete is crucial for the interaction of both materials.  

The ductility requirement of the structure ensures the structure will not fail without warning in 

advance. All floor structures with the maximum required section result in sufficient warning capacity. 

From the calculations, this criterium is fulfilled for all floors for both design criteria.  

With the calculation of the delamination of the laminates, the checks are based on 4 failure 

mechanisms.  

• Delamination at shear cracks 

• Delamination high sliding shear forces 

• Delamination by lack of Anchorage length 

• End anchorage shear force failure 

All checks as discussed in chapter 7.3.4 are satisfied for floor structures 1 until 18. The limits from the 

design criteria will fail before delamination will occur. 

For floor structure number 7 the loading is increased from 0 to 10 kN/m2. From the design criteria 

the required CFRP section is calculated and used in the checks for the four delamination mechanisms. 

Here also, all checks as stated and advised in CUR-91, result in unity checks smaller than 1,0. The 

sections will not fail by delamination. 

The check for the maximum moment in the serviceability loading situation to not exceed the yield 

moment is a conservative limitation. The actual delamination of laminates from the floor surface 

does not occur for at the limit as assumed in the general check. 

  

Number Section 

Af (mm2) 

0 0,00 

1 0,00 

2 24 

3 216 

4 384 

5 564 

6 756 

7 936 B 

8 1116 B 

9 1296 B 

10 1476 B 
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8.  Analysis of Static cable truss system 

Looking at the shape and system of an active adaptive system as discussed in chapter 6, the active 

adaptive cable truss works as a continuous series of static equilibrium states. For introducing the 

adaptive reaction of the system into the calculations, the static states are evaluated. For the 

previously designed floor sections and spans, multiple geometrical and material options are 

compared in addition of the static 

The use of a (pre-) stressed cable connected with a vertical compression element can reduce the 

internal stresses in the concrete section without the implementation of any active element. The 

increase of acting load on the structure leads to an increase of deflection of the floor. Due to the 

connecting vertical compression element, the central point of the cable with displace along with the 

floor, and the cables will be stressed. This stress in the cables will result in an upward force in the 

vertical strut which introduces a point load at the center of the floor span, leading to an upward 

bending moment in the floor. The sum of the deflection in the floor and in the cables truss results in 

the final equilibrium situation for any specific loading situation. When all external live load is 

removed, the situation will return to the state it was in when the structure was implemented. 

 

Figure 8-1 Structural overview of static cable truss on the concrete floor  

The structural system of the cable truss is explained, where the truss consists of a vertical 

compression element connected to the bottom of the floor and to the two spanned cables 

connected at both supports. 

Different loading situations are determined to find the maximum and minimum forces and the 

maximum deflections in the new system. 
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8.1  Structural System 

The addition of a cable truss with vertical compression element leads to the reduction of the internal 

bending moment in the floor structure. The stiffness of the cable truss in relation to the stiffness of 

the floor section result in the equilibrium situation where the force in the strut and the cables is 

determined. For the study, the stiffness of the strut is assumed to be  �
��$���� � ∞, so the strain in 

the compression element is neglected. 

8.1.1 Introduction of prestress in strut 

Based on the structure in 6.5, the system is a passive reacting structure. The increase of loading and 

therefore deflection, results in the increase of force in the compression element. Without the 

addition of any prestress in the system, the force in the strut can only increase as a result of the 

increase of deflection with respect to the old loading situation.  

 

Figure 8-2 Passive cable structure with A: constant height, B: Increased height. 

The addition of a prestress in the shape of an elongation of the vertical component at the time of 

application leads to the constant presence of force in the cable truss. The prestress is introduced by 

increasing the height of the strut. This increased height remains constant over time. The system 

reacts still behaves like a passive structure but the force in the cables and the strut are larger and the 

effect on the bending moment in the floor is larger. 

Starting heights used to assess the floor structure: 

- h0=250mm 

- h0=500mm 

 

Figure 8-3 Structural system of the static cable truss 

8.1.1.1  Equilibrium within structure 

In the situation outline, the existing structure location is discussed. The existing supports, load 

bearing walls, are not designed to withstand horizontal tensile forces. In order to prevent the tensile 

forces to implicate the walls, the connection of the cables is made to the floor structure itself.  
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8.1.1.2  Placement of cable truss under the floor 

The cable truss is placed at the bottom of the structural floor, connected to the floor near the 

supports. The cable length is the result of the floor length and the height of the strut. The stress in 

the cables at this moment is zero. This initial height is called: h0. As seen below, the strut (in yellow) 

is placed and the cables are stresses to place the element with fixed height. 

 

Figure 8-4 Static height of strut for the placement under the floor structure 

8.1.2 Deflection imposed  

The forces in the system are depending on the deflection of the system. The deflections of the floor 

and the cable truss are coupled.  

8.1.2.1  Prestress 

The prestress in the cable truss is expressed as an elongation of the vertical strut. Since the stiffness 

of the strut is assumed to be infinite, the height is a constant factor usable in the calculation of the 

internal deflection equilibrium. 

From the increased length the prestress force is calculated by taking the loading on the structure 

equal to the self-weight of the structure or the loading preset during application of the system. 

8.2  Calculations 

As described in chapter 6, the cable truss has a starting height h0. This is the height of the cable truss 

when the system is placed under the floor structure. 

8.2.1 Structural scheme 

Below the structural schematization is shown 

 

Figure 8-5 Structural scheme for initial height of static truss 

The deflection in the floor is a result of the loading on the floor and the force from the strut. 

£98��� � £98���,u { £98���,�         8-1 
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From the Method of double integration, the deflection of the floor is calculated as a result of the line 

load, point load and axial force with eccentricity. Loads on the concrete floor: 

- q(x) 

- f(x) 

- N(x) -> Moment from eccentricity 

Through the sum of moments in the section, the deflection is calculated by using the Method of 

double integration as discussed in chapter:6.3.2.  

In the graph below, the initial and starting components are shown and illustrated in the following 

parts. 

 

Figure 8-6 Overview of geometric properties of the static cable truss in the initial situation (addition: 0) and the final 

situation (addition: n) 

For the cable truss the geometric statements for the deformed situation are: 

®L � ®h +  ®�$����         8-2 

ℎL  �  ℎh + £�lp87         8-3 

j�lp87,L  �  j�lp87,h [ ¤j�lp87        8-4 

With subscript 0 referring to the initial situation at the time of application and subscript n referring to 

the final situation after the force equilibrium is established. The last values of each equation 

represent the change of geometry when force in the system is increased. 

The calculation of the forces in the cable truss are calculated by determining the deflection of the 

floor and the cable truss. Since the strut is assumed to have a large stiffness and relatively short 

length, the deflection of the floor and cable are equal. 

£98��� � £�lp87           8-5 

From the geometry in the deformed and the undeformed state, a set of goniometric statements is 

used to describe the force in the strut in the deformed state using the values from equations  8-2, 8-3 

and 8-4. 

ℎL � æ�j�lp87,h [ ¤j�lp87�% { �j 2⁄ �%       8-6 

£�lp87 �  æ�j�lp87,h [ ¤j�lp87�% { �j 2⁄ �% { ℎh      8-7 

j�lp87,h � æ�ℎh�% + �j 2⁄ �%         8-8 

®h �  tanÛ�� MÇ� %⁄ �          8-9 
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The strain in the steel cable is expressed by using Hook’s law. In combination with the initial length of 

the cable the elongation. 

��lp87 �  �©
(�¦)©� �¡          8-10 

��lp87 � %�©� �¡�©,Ç    8-11

Resulting in  

¤j�lp87 � �©∗�©,Ç
(�¦)©� �¡            8-12 

From (FORMULAS ABOVE) the force in the cable is expressed relative to the elongation as: 

�� �  %�©� �¡∗(�¦)©� �¡
�©,Ç     8-13

¤j�lp87 � � %⁄��$ «� { � %⁄��$ «Ç    8-14

With: 

®h �  tanÛ�( MÇ
� %⁄ �  

®L �  tanÛ�( M�
� %⁄ �  

With the goniometric equation and the angle of the cables, the force in the cable with respect to the 

force in the strut is expressed as: 

�� �  ��á %U
$KL(«�)           8-15 

Rewritten as: 

�l� � 2 ∗ �� ∗  �/,(®L)    8-16

To combine with equation 8-13, 8-14 and 8-16 into the final shape of: 

�l� � ¤j� ∗ %∗$KL «�∗(�¦)©� �¡
�©,Ç          8-17 

�l� � 	 � %⁄��$ «� { � %⁄��$ «Ç� ∗ %∗$KL «�∗(�¦)©� �¡
�©,Ç        8-18 

The point load �l� calculated by determining the force required to initiate the deformation of the 

cable truss. By using the statement of (equal deflections) the deflection equilibrium state for the 

deflection is determined. For any line load on the floor structure the deformed equilibrium state for 

the floor and cable truss can be calculated. 

The deflection of the floor is calculated by using the Method of double integration theorem as 

discussed in chapter 6.3.2. 
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8.2.1.1  Bending moment 

The bending moment in the floor section is calculated by combining the moments from the constant 

line load, the force from the strut in the cable truss and the horizontal reaction force from the cable 

truss. The combination loads on the structure result in a bending moment distribution over the 

length of the floor. 

���� � �u��� { ����� { ��l���       8-19 

As shown in the figure below. 

 

8-20 Bending moment from, line load, point load and axial force resulting in the sum of bending moments 

8.2.1.2  Deflection 

The deflection in the system is induced by the extra loading on the system. The deformation caused 

by the long-term loading situation does not affect the initial force on the system from the live load. 

The internal force distribution lead to the deflection of the floor as described in chapter 6.3.2. 

�$�� � �w�SÅV� + �� + �uv,∞  

�w�SÅV� �ß �w�S� + �w�V�  

�w�V� � �w�SÅV� { �w�S�  

With respectively: 
�w�V�, 
�w�SÅV� +,�  
�w�S�  

�w�V�, is the short-term deflection occurring after installation new structural system. 

�uv,∞, is the long-term deflection as a result of the creep over a long period of time. 

Prestress is introduced when �h,�S  and �S  are present.  

8.2.1.2.1 Long term effects (relaxation) 

For the initial state, the value of live load, Qqp, is based on the old loading situation, as the change in 

effect of the creep only shows after a longer time path. As a result of the prestress in the cable truss, 

the quasi-permanent loading situation can lead to an internal moment smaller than in the original 

situation (2,50 kN/m2).  
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8.3  Results 

The structural design of the static cable truss is based on the calculation aspects as discussed in the 

previous paragraph and in chapter 6. To determine the required prestress for a set of material and 

geometrical situations, a set of design criteria is arranged. The result is the minimal prestress in the 

cable truss to fulfill this specific criterium. The structure is put through a set of calculation steps to 

determine if this value for the design criterium meets all relevant material and structural checks. 

The prestress is determined for all floors for the function and loading change of 2,50kN/m2 to 

5,00kN/m2. Two variations are used to obtain insight in the structural behavior of the cable truss. 

- The cable diameter 

- The initial height of the cable truss before the prestress is added 

For all floor structures, the cable configurations consist of: 

 h0= 250mm h0= 500mm 

Ø = 10mm A B 

Ø = 24mm C D 
Table 8-1 Four configurations of cable truss used in the assessment of the static cable truss 

The floor structure is loaded with the new live loading situation of 5,00 kN/m2. Here initially the 

cable structure without any prestress is assessed. From this state the required prestress (by 

elongation of the height of the strut) is determined according to the different criteria. 

8.3.1 Critical structural aspects 

From the design criteria the minimum required prestress in the strut is determined for the limit 

states (ULS and SLS). The loading situations lead are used to determine the bending moment (ULS) 

and the deflection (SLS) of the floor. With the limitations set for the maximum allowable moment 

and deflection, the required prestress force is determined to allow load increase.  

Next to the design criteria, the system has its own specific limitations which are elaborated in the 

next paragraphs. 

8.3.1.1  Negative bending moment 

The point load from the cable truss is the result of the deflection of the floor and of the cables. 

The required force from the cable truss is based on the maximum bending moment in the floor. As 

the moment at mid span is reduced, the maximum moment in the floor shifts from 1/2L to locations 

at either side of the mid span.  

 

Figure 8-7 Bending moment at midspan before a negative moment occurs 

Maximum point load from prestress in combination with the minimal line load cannot result in a 

negative bending moment. 

�$7897K�M� ∗ 0,9 { ��l ß 0        8-21 

For the determination of the maximum upward moment in floor, after unloading, only the self-

weight is present as top loading on the floor. For the calculation of the unfavorable loading situation, 
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the permanent loading factor = 0,9 and for the prestress force the factor =1,0. Without 

reinforcement in the top section of the floor the section fails when the limited tensile strength of the 

section is reached. The critical moment is at mid-span, here the section is been put under the 

maximum loading and the most compressed fibers have endured stresses close to the compressive 

strength of the concrete.  

8.3.1.2  Loss of prestress  

The prestress leads to the constant presence of stress in the floor section. The long-term effects are 

assessed based on the long-term loading combination, the quasi-permanent loading. Here the 

stiffness of the concrete is taken according to the long-term loading. The result is the reduction of 

the deflection to the equilibrium point of the quasi permanent loading and the force in the cable 

truss. This loss of prestress results in a situation where the cable truss does not reduce the internal 

bending moment or the deflection enough and the floor exceeds the limits set for the floor. 

The system is calculated for the extra loading from the increased live load. A prestress force is 

present in the system when the loading is at the times when only the quasi permanent loading is 

present. Therefore, value of the bending moment �uv over a long period of time reduces. This 

results in the reduction of the quasi permanent long-term deflection £uv. For floor structure 7 with a 

length of 6 meter, the loss of prestress from this effect is 7 to 8 mm with the use of a cable with 

diameter 10mm and 7 to 10 mm for the thicker cable with a diameter of 24mm. Over a longer period 

of time the force in the prestress and the deformation result in an equilibrium situation which needs 

to be taken into account in the design calculations. 

8.3.1.3  Force in the cable 

As seen from the results from the various design criteria, the addition of prestress to the cable truss 

results in large forces in the cable in the maximum loaded situation. To obtain sufficient compression 

force in the strut, the cable needs to counter this compression force. The cables used in the study 

have a maximum design value from SWR Ltd. (SWR, 2020). The maximum allowable design load on 

cable types are shown in the table below: 

Diameter (mm) Design load (kN) 

10 52,6 

24 294 

Table 8-2 Maximum design load for both cable types. 

From the calculation of the required prestress length, the cable forces result from the final geometry 

of the system. For values of tensile force in the cable larger than the design load, the configuration 

does not give yield a possible method of strengthening. 

The use of cable with diameter 24mm is possible for all structural improvements of the floors. For 

cable diameter 10mm the maximum strength is exceeded for some floors. More detail is given in the 

next part on the design criteria. 
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8.3.2 Design criteria 

For the analysis of the static cable truss, compositions are based on the requirements that: 

1. Limitation of bending     Med < Mrd  

2. Limitation of imposed deflection W (imposed) < 0,003*L 

In order to create a structure which will not exceed the design criteria, the structural height is 

increased by the elongation of the strut. For all floors the minimal required prestress is calculated to 

meet the design criteria.  

8.3.2.1  Sum of bending moments 

The required prestress in the cable truss for the first design criterium is shown in the table below for 

all floors. The four situations with variation of cable diameter and initial height are shown. The design 

criterium is: 

Limitation of bending moment   Med < Mrd  

As seen in chapter 6.4.4. the floor design case C are based on the bending strength to withstand the 

new loading situation. For these cases, no structural improvement is required. For floor numbers: 

3,6,9,12 and 15 no cable design is made. 

Floor 

Number 

Ø10 & 

h0=250mm 

Ø10 & 

h0=500mm 

Ø24 & 

h0=250mm 

Ø24 & 

h0=500mm 

1 32 6 0 0 

2 69A 27 A 14 A 4 

3 - 

4 34 7 1 0 

5 71 A 28 A 16 A 5 A 

6 - 

7 112 44 20 0 

8 203 B 106 56 21 

9 - 

10 118 48 24 3 

11 207 A,B 108 A 59 22 

12 - 

13 228 120 59 17 

14 385B 246B 129 59 

15 - 

16 236 125 64 18 

17 388B 248B 133 61 

18 - 

Table 8-3 Required elongation in mm for design criterium: Maximum bending moment < Mrd 

In the table, with super scripts, remarks are added when the designed structure exceeds the 

limitations of the material or structure. 

A= In the unloaded situation a negative bending moment occurs. 

B= The design strength of the cable is exceeded in the maximum loaded situation. 
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8.3.2.2  Deflection 

The required prestress to meet the deflection design criterium is shown in the table below for all 

floor structures. 

Floor 

Number 

Ø10 & 

h0=250mm 

Ø10 & 

h0=500mm 

Ø24 & 

h0=250mm 

Ø24 & 

h0=500mm 

1 35 11 6 1 

2 48 18 10 3 

3 24 6 2 0 

4 33 11 5 1 

5 42 15 8 2 

6 26 7 3 0 

7 116 51 27 6 

8 163 80 44 17 

9 79 30 15 2 

10 96 39 21 5 

11 128 57 32 11 

12 67 24 12 1 

13 205 107 55 20 

14 301 B 179 B 95 42 

15 120 B 53 B 25 5 

16 265 150 81 33 

17 393 B 253 B 136 65 

18 207 B 108 B 57 20 
Table 8-4 Required elongation in mm for design criterium: imposed deflection < 0,003*L 

In the table, with super scripts, remarks are added when the designed structure exceeds the 

limitations of the material or structure. 

B  = The design strength of the cable is exceeded in the maximum loaded situation. 

As seen in the table above, for the designs made to withstand the loading for the deflection design 

criterium, limitation A as mentioned above, does not occur. 

The prestress leads to a constant presence of stress in the floor section. The long-term effects are 

assessed based on the long-term loading combination, the quasi-permanent loading. Here the 

stiffness of the concrete is taken according to the long-term loading. The result is the reduction of 

the deflection to the equilibrium point of the quasi permanent loading and the force in the cable 

truss. 
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8.3.2.3  Floor design 7 

In the graphs below, the required prestress in shown for floor number 7 for live load situations of:  

• 0 kN/m2 up to 10 kN/m2  

The prestress is based on the same design criteria as used before (Med < Mrd and w imposed < 

0,003*L). For the four structural compositions, with initial height and cable diameter, the results are 

shown below. 

 

 

Figure 8-8 Required prestress height for floor 7, with variation of initial height and cable diameter. 

For all compositions used as structural improvement show, no prestress is required for loading 

smaller than +/- 2,5 kN/m. As the floor is designed for this loading level. For the deflection 

requirement the improvement is required for lower loading levels, as the initial design was made for 

the total deflection limit of 0,004*L and for the improved floor structure the limit in the design 

criterium is set for 0,003*L for the imposed loading. 

In the table on the left, the 

normative prestress from both 

design criteria is shown. With 

notes on the limitations as used 

before: A= negative bending 

moment, B = force in cable. 

 

 

 

Table 8-5 Required elongation (mm) to 

allow an increase of live load of floor 

structure 7. 

Live Load 

(kN/m2) 

Ø10 & 

h0=250mm 

Ø10 & 

h0=500mm 

Ø24 & 

h0=250mm 

Ø24 & 

h0=500mm 

0 0 0 0 0 

1 0 0 0 0 

2 18 5 2 0 

3 58 21 11 2 

4 90 37 19 5 

5 116 51 27 8 

6 145 65 34 11 

7 177 B 85 41 14 

8 204 B 104 B 51 17 

9 229 A, B 122 A, B 61 20 

10 252 A, B 139 A, B 70 23 



99 

 

9.  Structural analysis of Active adaptive truss 

In previous chapters, the structural behavior of the system with a static truss or CFRP laminates is 

analyzed. Both systems are designed for the limit states, meaning the final deflection and the 

maximum stress situation cannot exceed the limits for the deflection and internal stress. The rate of 

occurrence reaching maximum loading of deflection is limited. The demand for structural safety and 

reliability ensure the exceedance of the limits will never occur. 

In this chapter, the structural concrete floors as used throughout the report, are the base for the 

structural improvement with an active adaptive element. This active system increases the strength 

and stiffness when the limits, as mentioned above, are exceeded. The behavior and response of the 

existing concrete floor and the active adaptive element are assessed on multiple aspects, design 

criteria and limitations. 

9.1  System description 

The system used for the active adaptive structure is a vertical actuator connected to the bottom of a 

simply supported floor structure and supported by two cables from either supports. By using strain 

sensors at the bottom of the concrete section, the strain is measured and used to determine the 

actual bending moment in the floor. Through a control setup, the measured strains are converted 

into the stress distribution in the floor and the required external force is determined. From here on, 

the control setup constantly calculates the required active force for the floor to remain within the set 

limits. In combination with the strains in the floor, the force- and the length of the actuator, the 

loading on the floor can be determined. 

 

Figure 9-1 Overview of a concrete floor with an active adaptive cable truss with minimal up to the expanded length. 

9.1.1 Active cable truss geometry 

Similar to the geometry of the static cable truss, the geometry of the adaptive cable truss in the 

loaded situation is based on starting values and result of the deformation of the cable truss, length 

and internal angle: 

®L � ®h +  ®�l         9-1 

ℎL  �  ℎh + £�l         9-2 

j�,L  �  j�,h [ ��,�l         9-3 

In the figure below, the outline of the active cable truss is shown with the initial and the final 

properties shown. With the initial height and angle set at zero. 
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Figure 9-2 Overview of cable truss geometry with increased force F,ad 

From the starting geometry, the length of the actuator increases resulting in the deformation of the 

cable truss. The new geometric properties are used to determine the internal forces and stresses.  

9.1.2 Structural height of the system 

In the adaptive system used in this study, the active element changes in height. This results in 

minimal height when not in use up to a maximum height when the system is fully loaded. The system 

is activated when the maximum value of the strain over a crack at the bottom of the floor is reached.  

The system is inactive when the stresses and bending moments are within the capacity of the floor 

itself. In this state, the actuator is minimal in height h0 and the cables are not loaded Fc=0.  

For the loading to increase, the system needs to counter the bending moment from the load with the 

introduction of force from the actuator. By increasing the height of the actuator, the cables are put 

under tension. The reaction force upward in combination with the loading on the floor leads to an 

equilibrium situation where the deflection of the floor is stable and therefore the bending moment is 

stable.  

In the schemes below the critical loading steps of the system under different loading situations are 

shown.  

A: Loading by self-weight: 

• Live load = 0 kN/m2 (Md from Qg) 

• Δh= 0 

• Force in actuator = 0 kN 

B: Loading at the limit of floor structure: 

• Live load = q critical 

• Δh= 0 

• Force in actuator = 0 kN 

C: Loading over the limit of the floor 

• Live load < q critical 

• Δh < 0 

• Force in actuator < 0 kN 

 

Figure 9-3 Sum of bending moment for loading situations as described on the left 
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9.1.3 Sensors 

In order to have control over the concrete floor, elongation sensors are placed at the bottom of the 

concrete. The increase of strain at the bottom of the floor corresponds linear with the increase of 

bending moment in the floor. This is valid for moments smaller than the yielding moment since the 

behavior of the floor section up to the yield moment is described linear. 

Over the length of the floor multiple sections, cracked and uncracked, combined determine the 

stiffness of the floor. The strain in the cracked sections, as a result of the linear behavior, directly 

leads to the stresses in this concrete section. The internal forces with the corresponding internal 

height lead to the internal bending moment. This is equal to the external bending moment on the 

floor. The measured strain has a proper relation with the internal moment when the measured 

length includes at least one crack. This can be ensured by using a long sensor, to overlap multiple 

cracks. The location of the existing cracks could be visible from the old loading cycles.  

For a simply supported beam the maximum bending moment is at mid span. In combination with the 

active element being placed at midspan, the maximum bending moment is not permanently located 

at x= ½*. From a concentrated point load, with a linear moment line over the length of the floor, the 

sum of moments results in the shift of the maximum moment towards both supports.  

For the description of the internal forces based on the strain at the bottom of the floor, the use of 

multiple sensors required. The external forces from the actuator and the cables disturb the simple 

moment distribution from the line load. At least 3 sensors are required to predict the acting moment 

distribution over the length of the floor structure.  

 

Figure 9-4 Overview of possible sensor locations 

 

  



102 

 

9.1.4 Loading 

In the structural behavior of the system, the (live) loading on the floor is the initiator for the reaction 

of the system. The total loading is composed of the permanent and the live load, the permanent part 

is always present and constant. The live load on the structure is variable and changing in magnitude. 

As previously discussed, the loading consists of short and long-term loading. For the active system, 

the reaction from the actuator is reacting on the actual loading present, this falls under the short-

term loading type. The duration of the loading is relatively short, so no long-term effects will occur 

from this occasional loading. 

The part long-term loading for the structure is based on the old loading situation, where the long-

term effects are based on the old quasi permanent loading situation. 

 

9.1.4.1  Calculation stresses 

In the calculations of bending moments, the acting loading on the floor is used. This the acting 

combination of permanent and live load. In the determination of the ultimate limits, the maximum 

loading combination needs to be considered.  

9.1.4.1.1 Loading safety factors 

In all building structures the structural safety consists of multiple factors, the ultimate material 

strength is reduced, and the loading is based on the acting loading combination. This ensures the 

failure due to the maximum loading on the structure is rare. 

��� < ���           9-4 

Where: 

��� � ��w ∗ (}��l�KL�)  

��� � ~�¬&�'¡�(��  
The forces in the system are the sum of the external loading and imposed point load as a result of the 

activation of the system. The acting load on the structure has a direct influence on the internal 

stresses. Therefore, the acting bending moment is directly the result of the acting live load. The 

factor on the loading side is taken as: }��l�KL� � 1,0. Resulting in the check where the acting 

bending moment in the floor is smaller than the resistance of the floor: 

��w < ���           9-5 

9.1.4.1.2 Negative bending moment 

The reaction of the system leads to upward bending moments (negative) in the floor. The increasing 

upward forces cannot lead to a positive bending moment. In case of failure of the control system, the 

active deformation will remain constant after unloading. In this study, the floor is designed with a 

reinforcement section on the lower half of the floor section. A positive bending moment needs to be 

avoided. This situation results in a bending moment on the floor structure: 

�� ∗ 0,9 − ��l > 0         9-6 

This leads to a maximum value for the force in the actuator in the state where no live load is present. 
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9.1.4.2  Deflection calculation 

The calculation of the deflections throughout the study is based on the characteristic value of the 

loading with:  

Permanent loading:  }S � 1,00  

Variable loading:  }V � 1,00 

As the effect of the active adaptive system is based on the increase of actual loading on the floor. The 

increase of deflections is caused by the loading on the floor. This results in the total deflection 

caused by the acting loading and the long-term deflection caused by the old quasi-permanent 

loading combination. The calculation of the floor is done as: 

��è��l8� � ��ó� + ��8�L�Û�7��,�8��    9-7

With: 

��ó� � ��S� + ��V�  

And for the long-term deflection from the old loading situation:  

��8�L�Û�7��,�8��= ��uv,�8�,Ä� { ��uv,�8�,h� 

From equation 9-7 the imposed deflection is calculated as: 

����v�$7�� � ��è��l8� { ��é7��lL7L��   9-8

Required force for the maximum deflection is calculated for the limit: 

����v�$7�� < 0,003 ∗ j  9-9

����v�$7�� � ��ó� + ����L�� { ��é7��lL7L��   9-10

The limit for the deflection from the live load is determined by combining both formulas 9-9 and 

9-10: 

��ó� < 0,003 ∗ j − ����L�,�8�� + ��é7��lL7L��       9-11

  

This statement is valid for al values of live loading.  



104 

 

9.1.5 Esthetics 

In this part, the esthetic impact by the cable system is addressed. To limit the impact of the structural 

height on the floor below, the starting height of the system is taken as 0mm. In this starting situation, 

the cables are placed parallel to the floor and result in minimal height. The increase of the structural 

height results in the increase of internal angle for the cable and the force from the actuator results in 

forces in the cables and horizontal and vertical reaction forces at the connection to the floor. 

 

Figure 9-5 Overview of properties of the active adaptive cable truss 

With practicality and feasibility in mind, the starting height h0, is increased slightly to assess the 

results and final situations. 

9.2  Design criteria 

In the assessment of the active adaptive system, the main design criteria for the active response are: 

1. Strength requirement      ���     ß ��l�  

2. Deflection requirement   ���v   ≤ 0,003 ∗ 2 

With these criteria, the minimal required structural behavior of the active element is determined. 

The equilibrium situation is calculated for a series of loading situations for floor 7. Combined with the 

new and old loading situations for all base floor designs, the structural impact of the active system on 

the concrete floor is evaluated. 

 

9.3  Calculations 

The calculations on the active adaptive cable truss are made to obtain insight in the structural 

behavior of the reinforced concrete floor in combination with a variable height actuator. The initial 

assessment of the structural system is done to find possible advantages of a variable stiffness and 

control of internal stresses on a concrete floor structure. 

This part focuses on the level of loading on the floor and the critical levels with respect to the design 

criteria and material limits. 

9.3.1 Structural properties 

Basically, the structural assessment of the cable truss with an active element is set up as a series of 

static equilibrium calculations. This equilibrium situation is the result of the maximum stress in the 

section based on the design criterium. The active element changes in length until the required 

internal stress situation is met. For changing loading situations, the required reaction from the 

actuator is calculated to result in a new equilibrium state that meets the design criterium. 
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9.3.1.1  Cable truss 

The active adaptive truss is based on the same structural system as the static cable truss, with the 

same force flow and introduction of force into the concrete floor. The calculations in the static 

situation are used to determine the behavior of the system. The transitions from the change due to 

the active element are described in more detail. 

Force in the cable is calculated as: 

�� �  ��á %U
$KL(«�)    

9-12

Where ®L, is the internal angle between the horizontal, neutral axis of the concrete floor and the 

neutral axis of the cable. 

The cable is connected to the bottom of the floor, here the force equilibrium in the connection is 

made with the force from the cable resulting in a horizontal and a vertical component. The horizontal 

component is introduced into the concrete section as an axial force: 

�L � �� ∗ �*�(®L)        9-13 

From the connection, the axial force with eccentricity under the floor structure results in a bending 

moment in the floor.  

The vertical component is introduced into the floor as a downward force leading to an increase of 

shear force. The combination with equation 9-12 results in the formulation of the vertical component 

as: 

�Ù � �� ∗ �/,(®L) �  �l� 2U        9-14 

The total shear force in the concrete section at the supports is ��� � �� 2U ∗ j, as all forces resulting 

from the active system remain within the complete floor structure.  

The tensile force in the cables lead to stresses and strains. The strains are the result of the force in 

the cable and the section (#�lp87) and stiffness (
�lp87) of the cable.  

��,�l �  �©
¦©� �¡          9-15 

With the length and the stiffness of the cables included the total elongation of the cable from the 

strain is based on Hook’s general equation, combined with equation, the strain of the cable is 

expressed as:  

� � 
 ∗ �          9-16 

��lp87 � 
�©�©� �¡∗¦©� �¡        9-17 

The elongation is calculated with formula 8-11 to result in: 

¤j�lp87 � �©∗�©� �¡,Ç
(�¦)©� �¡         9-18 

The elongated cable in combination with the deflection of the bottom of the actuator results in a 

new internal angle. The elongation results in a larger angle for the cables with the result of different 

resulting forces in the cable and connections. The sacking of the cable truss leads to the decrease of 

force in the actuator. The equilibrium state is found for the situation where the deflection of the 
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floor and the cables are equal. This is valid for any length of the actuator. The different lengths and 

states are based on the static equilibrium for the height and loading.  

9.3.1.2  Active Force 

For any loading situation, the strains at the bottom of the floor in combination with the length and 

the force in the actuator are used to calculate the bending moment and deflections of the concrete 

floor. 

The force in the actuator is based on the deflection of the floor and the cable truss and most 

important the difference in deflection of the two. With the formula below from the calculation of the 

static truss, the force in the actuator is calculated. This deflection is constant with the deflection of 

the floor structure, which is calculated from the deflection as a result of the bending moment over 

the length of the floor. 

�l� � 	 � %⁄Âù° «� { � %⁄Âù° «Ç� ∗ %∗°)* «�∗(�¦)©� �¡
�©,Ç    

Formula from chapter 8.2.1 here the angle of the cables, ®L, is the internal angle of the cable 

with respect to the horizontal axis. 

9.3.1.3  Reaction forces 

In the introduction of the existing floor structure, the force equilibrium of the cable truss is 

discussed. Here the design assumption is stated: reaction forces from the cable truss are connected 

to the floor structure. Al reaction forces are kept within the floor structure. 

From the cable truss, the force in the actuator results the horizontal reaction force in the concrete 

floor as:  

FÂ �  ,-. %U
°)*(/0)     

9-19

�L � �� ∗ �*�(®L)    9-20

The horizontal reaction force from the cable, �L, results as component from the force in the cable 

with angle ®L . This force is used to determine the M-N-Kappa diagram from the floor in the loaded 

situation. The values of stiffness for the crack moment and the yield moment are combined with the 

tension stiffening coefficient as mentioned before. This value of stiffness is used to calculate the 

response of the floor when loaded from the cable truss.  
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9.3.1.4  Internal stresses/Strains 

By using the structural properties and behavior of the concrete floor as calculated in chapter 6. The 

external forces on the structure including, the line-load, the point load and the axial reaction force 

from the cables are used to calculate the equilibrium within the system. 

With the sensors in the system, the strains at the bottom of the floor are measured and used to 

calculate the internal bending moment in the floor. In combination with the force and elongation of 

the actuator, the acting loading and the deflection over the length of the floor are calculated. 

9.3.2 Bending moment 

The bending moment in the floor section is calculated by combining the moments from the constant 

line load, the force from the strut in the cable truss and the horizontal reaction force from the cable 

truss. The combination of loads on the structure result in a bending moment distribution over the 

length of the floor. 

���� � �u��� { ����� { ��l���       9-21 

Since the bending moment is based on the measured values, the calculation is done with the 

characteristic values of the loading. Compared to the design values, this leads to a large reduction of 

calculated load on the floor. 

For the bending moment from the eccentric connection of the cables the value of the bending 

moment is taken constant over the length of the floor. The structural length of the cable truss is 

assumed to be equal to the structural length of the floor. 

 

Figure 9-6 Bending moment from, line load, point load and axial force resulting in the sum of bending moments 

 

9.3.3 Deflection  

The deflection of the floor structure is based on the deflection from the acting loading and the long-

term loading from the old loading situation. 

From the bending moment level present in the structure, the deflection is calculated. 

The increase of the deflection is calculated by the deflection caused by the actual loading present, �w 

reduced by the deflection present from the permanent loading �S . This leaves the deflection 

increase caused by the live load on the floor. 
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9.4  Implementation of Adaptive System 

In the application of the cable truss at the bottom of the floor, all obstacles and ceilings need to be 

removed. The system is placed directly onto the concrete surface. 

Further, more some additional practical properties are addressed in the next parts. 

9.4.1 Maximum stroke of actuator 

The elongation of the actuator is assumed to be limited to twice the minimal length of the actuator. 

This property is used to determine the starting height for the actuator based on the maximum 

required length. The calculation for the elongation of the actuator is done based on a starting height 

of 0mm, 50mm and 100mm. These small values are used to find the required action from the 

actuator. The structural improvement follows from the elongation as a point load is introduced in the 

floor and the cable truss. 

Assumed for the assessment of the active cable truss: The maximum stroke of the actuator is one 

time the initial length as seen in the figure below. 

 

Figure 9-7 Maximized elongation of actuator 

9.4.2 Connections 

The critical connections are looked at, here the internal forces are used to calculate a minimum 

required connection strength. The critical connections are: Cable connection at supports (tensile and 

shear), the connection of the vertical actuator (compression/punching shear/buckling).  

The detailed design and engineering are not part of this initial study. 

9.4.3 Verification 

The system once in place needs to be validated and checked for accuracy. Deviations from the 

assumptions need to be included, to be able to predict the behavior of the floor and be able to set 

the correct response of the system in motion.  

The structural behavior could be validated by using 

Water weights to resemble the test loading on the floor 

structure. Here the system is checked for proper use 

and functioning and the assumed structural properties 

are validated. 

 

Figure 9-8 Water load testing of a floor structure.  
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9.5  Results 

The actively improved structure is assessed on several aspects. In the next part the critical results are 

discussed with relation to the research questions. 

The assessment of the active adaptive structure is based on a minimal starting height to ensure the 

least impact on the lower floor levels. For all floor structures, the cable configurations used are: 

- Ø = 10mm 

- Ø = 24mm 

With an initial height of 0mm. 

9.5.1 Design criterium 

The live loading on the structure is increased and the appropriate elongation of the actuator is 

determined based on: 

1. Limitation of bending     Med < Mrd  

2. Limitation of imposed deflection W imposed < 0,003*L 

From the design criteria the deflection requirement results in the critical response. 
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9.5.1.1  Acting loading vs Design values 

The implemented strain sensors ensure the control over the internal bending moments. For the new 

live load of 5,00 kN/m2, the acting bending moment in the floor section only marginally exceeds the 

strength of the floor for the floors with normal reinforcement design for the old loading situation. 

Number Strength 

(kNm) 

Design value Med 

(kNm) 

Measured value  

(kNm) 

Difference 

(%) 

1 19,5 27,0 20 26% 

2 13,0 27,0 20 26% 

3 27,0 27,0 20 26% 

4 17,7 25,2 18,5 27% 

5 11,5 25,2 18,5 27% 

6 25,2 25,2 18,5 27% 

7 58,8 75,6 57,4 24% 

8 41,7 75,6 57,4 24% 

9 75,7 75,6 57,4 24% 

10 53,4 70,2 52,9 25% 

11 37,2 70,2 52,9 25% 

12 70,2 70,2 52,9 25% 

13 135,7 165,6 128,0 23% 

14 100,1 165,6 128,0 23% 

15 165,7 165,6 128,0 23% 

16 118,8 148,8 114,0 23% 

17 86,0 148,8 114,0 23% 

18 148,91 148,8 114,0 23% 
Table 9-1 Design value VS actual acting bending moment for live load = 5,00 kN/m2  

9.5.2 Required action from the actuator 

For the structural assessment of the behavior of the actuator, the initial height is assumed to be 

0mm. It is found that for small values of initial height, the final required height is almost constant. 

For floor structure 7, the required elongation and the internal bending moment are shown below. 

With an increasing live load of 0 up to 10 kN/m2, the design criteria are used to determine the 

required action from the actuator. The dotted line shows the sum of bending moments and the 

continuous line shows the elongation of the actuator. 

 

Figure 9-9 Response of active system with Moment limit (green) and deflection limit (blue) 
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It is seen that the structure has sufficient capacity to withstand the live load of 5 kN/m2. This value is 

much higher than the original design load. The measured strains result in exact knowledge of the 

bending moment in the floor and therefore the response of the system. By using the actual, values of 

the loading, the allowable live load is much higher than the original design load of 2,50 kN/m2. 

The results for the active adaptive system for all floors are added to appendix :G. 

In the part below the reaction of the structure is elaborated for the bending moment limit and for 

the deflection limit. 

9.5.2.1  Bending moment limit 

In the graph below for the response of the active system, with initial height of 0mm and cable 

diameter of 24mm, the total bending moment at midspan and the force in the actuator are shown. 

The Live load on the floor is varied to assess the response with respect to the bending moment 

limitation. 

The bending moment resistance of the floor is 58,8 kNm. Without live load on the floor the bending 

moment is the result of the permanent loading. As seen below, the live loading increases from 0 

kN/m2 (scheme A), and at the value of 5 kN/m2 (scheme B), strength of the floor is reached. At this 

moment the actuator elongates and introduces a point load onto the floor to allow for further 

increase (scheme C). With the increasing force in the actuator, the cable force and the horizontal 

axial force in the floor increase. This axial force is located eccentrically due to the connection to the 

cable and results in the reduction of the total positive bending moment. 

  

Figure 9-10 (left) Response of active system with Moment limit, continuous line: force in actuator, dotted line: bending 

moment at midspan. 

 Figure 9-11  (right) Bending moments over length of floor for specific loading situations. 

The sum of bending moment from the line load, the point load and eccentricity result in the shift of 

the maximum bending moment away from midspan. This is seen in Figure 9-10 as the moment in the 

dotted line reduces slightly as the live load and the active force increase. 

9.5.2.2  Deflection limit 

In the graph below for the response of the active system, with initial height of 0mm and cable 

diameter of 24mm, the total bending moment at midspan and the force in the actuator are shown. 

The Live load on the floor is varied to assess the response with respect to the deflection limit. 

The imposed defection is maximized at 0,003* the length of the floor. For this floor the limit is at 

18mm, where the long-term deflection is used from the old loading situation. 

A 

B C 
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For the situation where no live load is present, the long-term deflections and the self-weight result in 

the initial deflection, seen at A in the graph below. For this floor, this deflection is: 11,5mm. 

The increase of live loads leads to the increase of bending moment and therefore the deflection of 

the floor. At B, the limit for the imposed deflection is reached and the force in the actuator increases. 

 

Figure 9-12 Response of active system with deflection limit, continuous line: force in actuator, dotted line: bending moment 

at midspan. 

As seen in the graph on the left, the bending moment in the floor increases and the deflection is 

constant at 0,003*L. This is as the result of the increasing stiffness of the floor under axial loading. As 

the stiffness increases, constant deformation requires an increase of bending moment. 

9.5.2.3  Variation of floors 

The principle as described above is similar for all floor structures. Most relevant is the moment of 

activation for the limit values. The limits for the deflection and bending moment for an increasing 

bending moment are added to appendix G. 

For all floors, the deflection limit is normative over the bending moment limit. This can be explained 

by the large long-term deformations of heavy concrete floors and the fact that the bending moment 

is calculated without safety factors. By measuring the bending moments in the floor section, the 

safety factor for the permanent and live loads are not included. This leads to the reduction of the 

total acting bending moment with respect to the ultimate limit combination. 

For the variation of steel ratio, the results show that, with a live loading of 5,00kN/m2 and constant 

length, the final height is 131mm for floor 7. Where the final height is 167mm for the reduced steel 

ratio (floor 8) and 99mm for the increased steel ratio (floor 9). The improvement is based on the 

deflection limit. Important is for floor 9, the strength is sufficient to allow 6,0 kN/m2, but the 

deflection limit is exceeded for loading larger than 3,0 kN/m2. For floor number 8, with reduced steel 

ratio, the structural improvement is required for all live loading situations.  

These two last points are valid for all floor structures with lowered and increased reinforcement 

ratios. 

   

Figure 9-13 Required elongation for floors 7, 8 and 9, for maximum moment limit (orange) and deflection limit (blue) 

A 

B 
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9.5.3 Cable section 

Specific for floor structure 7, the full assessment is done with a variation of cable diameter and in 

starting height. For the reaction of the system the cable diameter shows significant differences. As 

seen in the graph below, the structural response is twice as much for the cable with diameter 10mm 

compared to 24 mm. This is similar for all floor types.  

 

Figure 9-14 Elongation of actuator for floor 7 (deflection limit) with cable diameter 10mm and 24mm 

With the increase of the starting height, the difference between the required elongation increases. 

  

9.5.4 Starting height 

In an ideal situation, the structural height of the system is 0mm when not in use. Practically this is 

impossible as the actuator cannot reduce to zero height under the floor. 

To further elaborate the effect of initial height of the actuator, for floor 7, the initial height is taken 

as: 

- 0mm 

- 50mm 

- 100mm 

These results are shown below where the deflection limit is used to determine the action from the 

system. The variation of initial height is used to find the total length of the actuator under the floor. 

The total height is determined by: 

����2 ℎ /�ℎ0 �  �,/0/+2 ℎ /�ℎ0 +   2*,�+0/*,  

 

Figure 9-15 Total height of actuator with variation of initial height for floor 7 with cable: Ø24mm for the maximum 

deflection limit. 
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In the table above, the total height is shown for floor 7 with cable Ø24mm. The initial height is set at 

0, 50 and 100mm, and the required elongation is determined for the deflection limit. The increase of 

initial height leads to an increase of total height larger than the change in initial height. The increase 

of required height at moment of activation is larger with a smaller initial height. 

For the variation of initial height, the axial reaction force and the force in the actuator remain almost 

constant as seen in the graphs below.  

  

Figure 9-16 Axial and active force for floor 7 (deflection requirement) for variation of initial height. 

 

The variation of cable diameter is shown in the graphs below. The larger diameter results in a 

reduction of required elongation of at least 50%. When the initial height is larger, the difference 

becomes even larger.  

   

Figure 9-17 Floor structure 7 (deflection limit) Left: elongation with cable diameter 10mm, Right: elongation with cable 

diameter 24mm. 
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10.  General Results 

From the chapters 6 up to 9, the design and structural assessment of the various improvement 

systems has been addressed. In this chapter the focus is on the non-structural requirements; 

Esthetics and practicality of the methods with respect to all structural systems. 

10.1  Esthetics (Architectural impact) 

The minimalization of the architectural impact has been one of the starting points for this study. 

From the structural requirements and feasibility of the active adaptive cable truss, the minimal 

height is limited by the final elongation required. With the assessment of maximum stroke of the 

actuator, the starting height is minimized at half the final height. Over the lifespan of the system, the 

height is always optimized to be minimal. For all floors with reduced reinforcement ratios, the 

actuator is acting permanently and results in a constant moving element, changing height constantly, 

under the floor. This moving element could be experienced as unpleasant for the occupants of the 

floor below. For floors with an increased steel ratio, the activation of the system is minimized to 

extreme loading situations. Therefore, the changing structural height will not lead to nuisance.  

For all floor types, with exception of floor 11, the deflection requirement is normative over the 

maximum bending moment. With the loosening of deflection criterium, the required reaction system 

can be based reduced. Also, the use of a stiffer cable in the cable truss results in a large reduction of 

the required elongation.  

For the static truss, the required height is present during the entire lifespan. This results in a constant 

height required under the floor structure, for the accidental case of exceedance of the limit load of 

for the floor. By minimizing the initial height and increasing the cable diameter, the obstruction by 

the cable truss is minimized. 

The use of carbon fiber reinforced polymer laminated at the bottom of the floor leads to minimal 

height loss below the floor. The thickness of 1,2 mm in combination with a layer of adhesive is the 

most optimal method of improvement with respect to the structural height. To obtain sufficient 

material cross-section, the width or the thickness of laminate is required to increase. With any width 

of laminate used, the architectural appearance of the concrete surface is obstructed. For large 

widths, with a maximum number of 7 laminates per 1-meter floor width, of 100mm placed 40mm 

apart, the floor surface is 71% covered with laminates. 

10.2  Practicality 

The use of the various systems is structurally assessed, but in the choice for any particular method, 

the practical use is as important. As used as an assumption at the start of the study, all structural 

properties of the existing floor are known. 

10.2.1 Applicability  

In the application of all structural methods, the bottom floor surface needs to be clear of any 

obstacles and defects. 

For the static and the active cable truss, only three contact points are used to apply the structural 

improvement. These connections can be placed individually and be designed for the required 

strength (plate thickness and anchor types). Then the cables and the actuator or strut are placed. In 

the active cable truss, no force is present in the system during placement. For the static cable truss, 

the cables need to be prestressed in order to place the strut appropriately. The maximum prestress 
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during placement is required for floor 17, with a length of 8 meters, reduced steel ratio and cable 

diameter of 24mm. The strut with a length of 383mm is placed under a prestress of 21,6 kN, as the 

cables are deformed by 133mm. With the use of a thinner cable, the leads to more force and a larger 

difference in length to place the strut under the correct prestress. 

After realization of the active cable truss, critical is the validation of the structural behavior assumed 

in the calculations. The assumptions of the existing floor need to be validated for the actual complete 

structure by using test loading cycles to ensure proper and expected function of the system. 

The application of the CFRP laminate is similar for all widths and all concrete floors. Critical is the 

bond strength of the concrete surface in the functioning of the improvement. Insufficient strength 

leads to loss of composite action. After application the adhesive requires time to fully harden before 

the floor is ready to use again. 

10.2.2 Maintenance 

Over a longer period of time, an active, dynamic changing structure needs to be checked and tested. 

The constant use can lead to wear which needs to be attended to ensure proper functioning. Also, 

the assumptions of the long-term deformations need to be monitored to ensure appropriate 

structural behavior. 

Similar for the static cable truss, the assumptions within the initial calculation need to be checked 

over time and the loss of prestress needs to be accounted for.  

The use of CFRP laminates required little maintenance over time. From visual inspection, surface 

flaws or defects can be found, but within the improved section, no maintenance is possible. 
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11.  Conclusions 

The purpose of this research is to answer the question: “Does an existing concrete floor structure 

benefit from structural improvement by an active adaptive system?” This structural improvement is 

required for existing concrete floors with a desired increase off the applicable live load over the limits 

of the original concrete floor structure. To answer this question, an initial structural assessment of 

reinforced concrete floors in combination with an active adaptive cable truss is performed. To 

address the question in more detail, three sub-questions are formulated with topics: Relevant floor 

properties, comparison to other improvement methods and the limitation of architectural nuisance 

of the system. 

11.1  Sub question 1: Relevant structural floor properties 

The first sub question focusses on the relevant floor properties for the use on an active cable truss. 

For the floors used in the study, the shear force, vibrations and crack widths are not limiting factors 

with an increase of live load up to 6.0 kN/m2. With the increase of live load, the limit for the 

maximum deflection is exceeded before the allowable bending moment in de floor is exceeded. 

With the variation of the reinforcement ratio in the floor, the strength and the stiffness of the floor 

change. For all floors, the relative change of the stiffness is smaller than the relative change of the 

strength. The improvement of the strength limitation changes more than for the deflection 

limitation. For floors with a higher concrete class (C45/55), this difference between the strength and 

stiffness is even larger.  

From the deflection calculation a large part of the total deflection is found to be caused by long -term 

deformation for al floors. The allowable increase of live load therefore is limited before the 

deflection limit is exceeded without any structural improvement. 

The floor sections are designed with bottom reinforcement. Negative (upward) bending moments 

propose the risk of brittle failure and need to be avoided. In the most unfavorable loading 

combination, for the floors with a span of 4.0 meter, this negative bending moment occurs due to 

reactions of the actuator for live loads larger than 5.0kN/m2. For thicker floor sections for spans 

upward to 6 meter, this negative bending moment limitation is not reached. 

In the calculation of the response of the system, the stiffness of the floor sections over the length of 

the span is critical. The deflection of the floor is used to calculate the behavior of the cable truss in 

combination with the floor. The discretization of the beam, into 10 elements, in combination with 

the tension stiffening effect result in a good initial estimation of the total deflection at midspan. For 

more detailed deflection calculations, the bending moment and the stiffness need to be calculated as 

continuous functions over the length of the floor. 

11.2  Sub question 2: Comparison to other improvement methods 

The second sub question is dedicated to the comparison of the active improvement system versus 

two different static improvement methods: Carbon fiber reinforced polymer laminates and a static, 

prestressed, cable truss. 

The active structural improvement system is compared to improvement with CFRP laminates and 

with a static (prestressed) cable structure. The active reaction and structural height are based on the 

acting loading in the floor where the static systems, CFRP laminate and Static truss, are designed for 

the ultimate maximum loading combination. This acting loading combination is 17-33% lower than 
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the ultimate limit combination. For floors with normal reinforcement ratio’s, the strength is not 

exceeded for live loads up to 4.00 kN/m2 compared to 2.50kN/m2 for the static ULS calculations. 

In the use of CFRP laminates the concrete strength is critical to ensure proper bond strength and 

avoid delamination. For both active and static cable trusses this is not a limiting factor for 

application. With CFRP laminates, the increase of strength and stiffness is limited by the initial 

deformation of the floor. If large deformations are already present in a concrete floor, they cannot 

be reduced by applying CFRP Laminates. With the initial deformation reduced, the normative section 

is found for the deflection limit. From the results of the CFRP improved floors, the maximum strain 

required to activate the laminates is the normative limitation for the system.  

From the assessment of the static cable truss, the starting height is found to be critical. With a larger 

starting height, less prestress is required in the system. Limitations of the system are found for small 

spans where a negative bending moment results when all live load is removed. 

In the assessment of all floor designs in this study, large initial deformations limit the additional 

loading on the floor. The use of CFRP laminates and a static truss only allow live load increase when 

the initial deformation is reduced, or prestress is added to the system. The active system limits the 

additional deflection to allow for the live load to increase. 

The improvement by the static and active adaptive cable truss are based on the same structural 

system with the same limitations. The advantage of the active element is the minimal structural 

height for moments of low live loading. For floors that require a constant activation, a static cable 

truss is similar in structural height and structural behavior. This is relevant for small spans with low 

reinforcement ratios. 

11.3  Sub question 3: Minimize architectural impact 

The third sub question focusses on the minimization of the architectural impact by using an active 

system to strengthen the existing floor. 

By choosing a thicker cable diameter, 24 over 10mm, the required reaction of the actuator reduces 

by half. The initial height is increased as the maximum elongation is limited by the stroke of the 

actuator. With the increase of initial height, the required elongation of the actuator reduces. For live 

loads up to 6,0 kN/m2, the total height in active state is larger when the initial height is increased.  

The difference in height of the active and inactive state of the system is bigger for larger spans. The 

inclusion of an active actuator in a cable truss optimizes the height during the entire lifespan. Where 

for floors with lowered reinforcement ratios, the activation is required for small +/- 1,0 kN/m2 values 

of life loads, floor designs with a higher reinforcement ratio requires activation of the system for 

large occasional live loads of +/- 6 kN/m2. 

The variation of floor spans shows the increase of required reaction from the system for large spans. 

With large required elongation of the system, the height difference of the active element is larger.  

11.4  Main question 

Finalizing the sub conclusions with the main research question, the answer is supported by the 

previous paragraphs. With an active cable truss as improvement method, load increase is possible 

with minimal height over the life span. Resulting in the most optimal use for large floor spans with 

high reinforcement ratio’s benefit most from the height reduction when the system is inactive. In 

general, for all floors, the strength and stiffness of the floor determines the occurrence of activation, 

where the configuration of the cable truss determines the degree of activation and elongation. 
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12.  Discussions  

Looking back on the study, the results and critical calculation steps from the calculation tool prove to 

be a quick and organized method to assess the improvement of a concrete floor. With the different 

calculation steps, an initial analysis the limitations for the active improvement of any existing floor 

can be made relatively quickly. The many possible compositions of floor properties, cable types and 

actuator heights provide the possibility to design a suitable active cable truss for any reinforced 

concrete floor structure. 

As the study is an initial assessment of a relatively new method of improving an existing structure, 

the focus of the assessment was on the structural aspects. For a complete answer of the main 

research question, a multi-disciplinary review is required. Here the inclusion of factors like material 

use, material costs, maintenance and computational system design are required.  

With the use of a limited selection of floor designs in this study, the results do not provide an 

unambiguous answer to the main research question. In order to optimize the functionality of an 

active adaptive cable system as a structural improvement method, a more detailed evaluation and 

comparison of floor designs is required. This leads to a complete overview of all  critical floor 

properties which prove to be limiting factors for the implementation of an active system. 

In this study the floor structure is schematized as a simply supported beam element on a roller and a 

hinge support. The cable truss is connected to the floor at both supports. With the use of deflections 

as leading factor in the behavior of the total system, the schematization needs to be expanded to 

resemble a real-life situation. A finer discretization is required to assess the stiffness and the 

deflection over the length in more detail. The use of an extended computer calculation method or 

finite element program results in more exact representation of the floor. 

In the design of the active system, the ultimate bending strength of the floor is used as a limit in the 

design. The limitation of the ultimate strength is used to determine the reaction of the active system. 

With this limitation the strength of the existing floor itself is used to its full extend. With structural 

safety in mind, the critical bending moment should be set to a lower value to ensure a safe boundary 

for the bending moment level. 

The initial deformation of a concrete floor is critical in the structural improvement. In the calculation 

of the active cable truss, this initial deformation is the result of the old loading situation. With the 

quasi-permanent loading situation resulting in the long-term deformation of the floor. Depending on 

the old loading situation before improvement, the initial deformation needs to be validated and 

determined. This situation is the starting point for the activation of the system, over time this 

starting situation needs to be adjusted and validated. 

In the design stage of the adaptive principle, the location of the active element is chosen to be in the 

vertical element at mid span, where bending moment and deflection are largest. Another design 

principle has been, zero force in the inactive system. With the addition of prestress to the cables 

before the system is active, the required elongation is minimized and optimized. Also, the use of 

multiple actuators over the length of the floor could result in a more optimal introduction of force on 

to the floor, due to the structural improvement system. 
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13.  Recommendations  

With the new insights, the results and conclusions obtained in this project, this chapter focusses on 

possible steps to continue the research on the topic of active adaptive improvement of concrete 

structures. 

As highlighted in the previous chapters, this study has focused on the evaluation of the principle of 

an active cable truss in combination with a select set of concrete floor structures. To broaden the 

knowledge and insight of the combination of both systems, more detailed assessment of floor 

properties is required. In combination with extended knowledge of the material use, costs and 

maintenance of the active elements in the system, the niche of optimal floor and cable truss 

combination needs to be determined.  

The initial research question arose from the desire to allow an increase of loading to allow for a 

specific function change with limited structural height. For a more detailed assessment of the 

structural system, the ultimate limitations of the system need to be assessed. Larger increases of 

loading could result in other limitations than strength of deflection, e.g. exceedance of shear force or 

vibrations. On top of that, the expansion of the floor section with top reinforcement results in a floor 

with negative bending moment capacity. Therefore, the live load on the floor and the force in the 

actuator can increase more and the bending stiffness over the length needs to be considered in more 

detail. 

With the design of the active system, the control of the known bending moment levels in the floor is 

key. For this changing structural system and the changing loading situations, a more detailed 

evaluation of the structural safety and maximum design loads is required to determine the ultimate 

limits of the system. What level of loading is allowable in the floor section to ensure a safe structure 

but optimally use the strength of the floor itself? The prescribed safety factors by the Eurocode need 

to be accompanied with specific factors to account for the acting loading situations and the 

deformation. 

In the design of the active system, the design of the computational model is to be made into a 

continuous system to determine the behavior and the response time to ensure a functioning system. 

In this design, the choice and optimization of the actuator is critical in the geometric design and 

boundaries of the system. An optimization of the location of the active element can be found in the 

use of multiple actuators over the span of the floor or the placement of the active element in the 

cable connection. This allows for the introduction of prestress without any increase of structural 

height. 

In the reaction of the active system, the actual behavior of the concrete floor under loading is critical 

to calculate the appropriate response. Here the boundary conditions of the supports require 

assessment and validation. Validation of all assumptions used in the calculations is critical to design a 

suitable system for any floor. From the calculations and results in this study, the floor schematization 

needs to be expanded from a simply supported beam to a more complex schematization. Here the 

inclusion of multiple continuous floor spans and multi directional floors could bring new insights in 

the use of an active element in the structural improvement. 
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B. Designed floors 

Floor types and  

Number Length 

(mm) 

Concrete 

class 

Height 

(mm) 

As 

(mm2) 

Designed criteria 

1 4000 C20/25 160 356 ���,���  & ���	
�,���  

2 4000 C20/25 160 238 �
��,�� 

3 4000 C20/25 160 493 ���,�� 

4 4000 C45/55 130 412 ���,���  & ���	
�,���  

5 4000 C45/55 130 268 �
��,�� 

6 4000 C45/55 130 586 ���,�� 

7 6000 C20/25 270 601 ���,���  & ���	
�,���  

8 6000 C20/25 270 426 �
��,�� 

9 6000 C20/25 270 773 ���,�� 

10 6000 C45/55 230 649 ���,���  & ���	
�,���  

11 6000 C45/55 230 452 �
��,�� 

12 6000 C45/55 230 854 ���,�� 

13 8000 C20/25 400 912 ���,���  & ���	
�,���  

14 8000 C20/25 400 673 �
��,�� 

15 8000 C20/25 400 1114 ���,�� 

16 8000 C45/55 330 979 ���,���  & ���	
�,���  

17 8000 C45/55 330 709 �
��,�� 

18 8000 C45/55 330 1227 ���,�� 
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C. Moment curvature diagrams 

Floor: Span 4000mm C20/55 Height 160mm 

 As: 356mm2 

 As: 238mm2 

 As: 493mm2 
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Floor: Span 4000mm C45/55 Height 130mm 

As: 412mm2 

  As: 268mm2 

 As: 586mm2 
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Floor: Span 6000mm C20/25 Height 270mm 

 As: 601mm2 

 As: 426mm2 

 As: 773mm2 
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Floor: Span 6000mm C45/55 Height 230mm 

 As: 649mm2 

 As: 452mm2 

 As: 854mm2 
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Floor: Span 8000mm C20/25 Height 400mm 

 As: 912mm2 

 As: 673mm2 

 As: 1114mm2 
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Floor: Span 8000mm C45/55 Height 330mm 

 As: 979mm2 

 As: 709mm2 

 As: 1227mm2  
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Moment-curvature diagrams for base floor designs 

  

Figure 0-1 Moment-curvature diagrams for floor spans: 4,0m 

 

   

Figure 0-2 Moment-curvature diagrams for floor spans: 6,0m 

 

   

Figure 0-3 Moment-curvature diagrams for floor spans: 8,0m 
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D. Double integral method 

Line load 

Deflection from line load. 

 

���� � �����   

���� � � �
� ∗ � ∗ �� � �

� ∗ � ∗ � ∗ �  

���� � �
�� � ����� ��  

���� � � ����  

���� � � �
�� �� �

 ∗ � ∗ �! � �
" ∗ � ∗ � ∗ �� � #�$  

����  � � �
�� �� �

�" ∗ � ∗ �" � �
�� ∗ � ∗ � ∗ �! � #� ∗ � �  #�$  

With boundary conditions:  

Deflection at x=0 and x=L are zero 

��0� � 0  #� � 0 

���� � 0 => #� � � �
�" ∗ � ∗ �! 

����  � � �
�� �� �

�" ∗ � ∗ �" � �
�� ∗ � ∗ � ∗ �! � �

�" ∗ � ∗ �! ∗ �$  
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Line load +point load 

Deflection from line load and point load. 

 

���� � ����� � �'���  

���� � � �
� ∗ � ∗ �� � �

� ∗ � ∗ � ∗ � � �
� ∗ ( ∗ �  

���� � �
�� � ����� ��  

���� � � ����  

���� � � �
�� �� �

 ∗ � ∗ �! � �
" ∗ � ∗ � ∗ �� � �

" ∗ ( ∗ �� � #�$  

����  � � �
�� �� �

�" ∗ � ∗ �" � �
�� ∗ � ∗ � ∗ �! � �

�� ∗ ( ∗ �! � #� ∗ � �  #�$  

With boundary conditions:  

Deflection at x=0 and x=L are zero 

��0� � 0  #� � 0 

���� � 0 => #� � � �
�" ∗ � ∗ �! � �

� ∗ ( ∗ ��   

����  � � �
�� �� �

�" ∗ � ∗ �" � �
�� ∗ � ∗ � ∗ �! � �

�� ∗ ( ∗ �! � �
�" ∗ � ∗ �! ∗ � � �

� ∗ ( ∗ �� ∗ �$  
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Axial Load 

Deflection from axial force with eccentricity.  

 

���� � ��
���  

��
��� � )
 ∗ *++.  

���� � �
�� � ����� ��  

���� � � ����  

���� � � �
�� -� ∗ � � #�.  

����  � � �
�� ��

� ∗ � ∗ �� � #� ∗ � �  #�$  

With boundary conditions:  

Deflection at x=0 and x=L are zero 

��0� � 0  #� � 0 

���� � 0 => #� �  � �
� � ∗ �  

Results in function for deflection: 

����  � � �
�� ��

� ∗ � ∗ �� � �
� � ∗ � ∗ � $  
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E. Moments on structure 

 

Number /01,231 

(kNm) 

/01,405 

(kNm) 

MRd   

(kNm) 

1 19,5 27,0 19,51 

2 19,5 27,0 13,04 

3 19,5 27,0 27,0 

4 17,7 25,2 17,7 

5 17,7 25,2 11,5 

6 17,7 25,2 25,2 

7 58,7 75,6 58,8 

8 58,7 75,6 41,7 

9 58,7 75,6 75,7 

10 53,3 70,2 53,4 

11 53,3 70,2 37,2 

12 53,3 70,2 70,21 

13 135,6 165,6 135,7 

14 135,6 165,6 100,1 

15 135,6 165,6 165,7 

16 118,8 148,8 118,82 

17 118,8 148,8 86,0 

18 118,8 148,8 148,9 
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Design Case A: C20/25 base structure 

Design Case A: C45/55 base structure 

Design Case A: C20/25 Deflections Old 

 Total    Imposed    

4000 15,0 mm 0,0037 *L 13,2 mm 0,0033 *L 

6000 23,7 mm 0,0039 *L 19,6 mm 0,0033 *L 

8000 31,49 mm 0,0039 *L 24,6 mm 0,0031 *L 

Design Case A: C45/55 Deflections Old 

 Total    Imposed    

4000 14,9 mm 0,0037 *L 12,9 mm 0,0032 *L 

6000 21,0 mm 0,0035 *L 18,0 mm 0,0030 *L 

8000 31,9 mm 0,0040 *L 26,9 mm 0,0034 *L 

Design Case A: C20/25 Deflections new 

 Total    Imposed    

4000 22,3 mm 0,0056 *L 20,6 mm 0,0051 *L 

6000 30,9 mm 0,0051 *L 26,9 mm 0,0045 *L 

8000 38,2 mm 0,0048 *L 31,3 mm 0,0039 *L 

Design Case A: C45/55 Deflections new 

 Total    Imposed    

4000 24,4 mm 0,0061 *L 22,3 mm 0,0056 *L 

6000 28,8 mm 0,0048 *L 25,8 mm 0,0043 *L 

8000 40,2 mm 0,0050 *L 35,2 mm 0,0044 *L 

C20/25 Deflections ratios 4000mm Old 

Loading Total    Imposed    

Base 15,0 mm 0,0037 *L 13,2 mm 0,0033 *L 

Accidental 17,0 mm 0,0042 *L 15,2 mm 0,0038 *L 

New 13,4 mm 0,0033 *L 11,7 mm 0,0029 *L 

C20/25 Deflections ratios 4000mm New 

Loading Total    Imposed    

Base 22,3 mm 0,0056 *L 20,6 mm 0,0051 *L 

Accidental 25,8 mm 0,0065 *L 24,0 mm 0,0060 *L 

New 19,5 mm 0,0049 *L 17,8 mm 0,0045 *L 

Length (mm) Height (mm) G (kN/m1) Q (kN/m1) Med (kNm) As (mm2) Mrd (kNm) 

4000 160 5,0 2,5 19,50 356 19,51 

6000 270 7,25 2,5 58,73 601 58,82 

8000 400 11,00 2,5 135,60 912 135,68 

Length (mm) Height (mm) G (kN/m1) Q (kN/m1) Med (kNm) As (mm2) Mrd (kNm) 

4000 130 4,25 2,5 17,70 412 17,74 

6000 230 6,75 2,5 53,33 649 53,36 

8000 330 9,25 2,5 118,80 979 118,82 
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F. Delamination of CFRP 

From CUR-recommendation 91 (Niemantsverdriet et al., 2007) 

Delamination at shear cracks: 

6�7
8 ≤ 6��:  

6�7
8      Maximum shear force resistance at ds from end CFRP laminate 

6��: �  ;��: ∗ < ∗ �=   b = Width of section, ds =effective height of section 

;��: � ;��>�?/A7   maximum shear stresses for delamination at shear cracks 

A7 � 1,4    For CFRP  

;��>�? � 0,38 + 1,51 ∗  G��  Representative value of shear resistance for delamination at shear 

cracks 

G�� �  G= +  GH ∗ IH/I=      Equivalent reinforcement ratio 

G= � J= �= ∗ <K     Reinforcement steel ratio to effective concrete area 

GH �  JH �H(= ℎ) ∗ <M    CFRP ratio to effective concrete area 

Delamination high sliding shear forces 

6�� ≤ 6�=:  

6��    Sliding shear force at section where reinforcement yields (with 

shifted moment line not taken in account) kN  

6�=: � ;�=: ∗ N> ∗ <H  Maximum shear force resistance for delamination high sliding shear 

kN 

;�=: � ;�=>�?/A7  Maximum shear stress for delamination high sliding shear N/mm2 

A7 � 1,4    For CFRP  

;�=>�? � 1,8 ∗ OP>�?  representative value of resistance to sliding shear resistance for 

delamination high sliding shear 

N> � 0,95 ∗  �=(RSSTUVWXYZ) Resulting internal lever arm for tensile force in reinforcement and in 

CFRP can be assumed by 0,95 * ds 

<H     Width of CRFP laminates mm 

OP>�? � 0,7 ∗ O�	7  Representative bond strength of concrete surface minimum of 

1,5N/mm2 

Delamination by lack of Anchorage length 

\]�^� ≥ \`]�^�  for a]�^� ≤ a`]bc^ 

dH���     Length of CFRP from x to end of laminate 

)H���     Tensile force in CFRP from x to end of laminate 

deH���     Required anchorage length of CFRP beyond point x with )H��� 

deH7
8      Anchorage length from max force )eH7
8  

)eH7
8 �  f� ∗ fg ∗ <H ∗ hf� ∗ IH ∗ WH ∗ OP� (N) 

fg � 1,06j �klml
�k lmnoopp

≥ 1  

f� � 0,783  

f� � 0,4UU  

<H     Width of CRFP laminates mm 

WH     thickness of CRFP laminates mm 

IH     Youngs modulus of CRFP laminates N/mm2 

OP� � 0,5 ∗ OP7   Design value of bond strength N/mm2 

OP7     Measured mean bond strength 
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<∗     Width of concrete section in mm, maximum of: 2 ∗ <H 

deH7
8 �  rst∗�m∗	mHuv    

\`]�^�  ≤  \`]bc^   

)eH��� �  )eH7
8 ∗  �wm(8)�wmpxy ∗ z2 − �wm(8) �wmpxy{  

)H��� �  |v(8)
}~∗��� ��∗���m∗�m�  

����� �  )H(�) ∗ N> ∗ z1 + ��∗���m∗�m{ -> distance x from support \]�^� ≥ \`]�^� 

End anchorage shear force failure (ouu) 

6�: ≤ 6�::  

�e � 1 � �
��

  

6�: Shear force at section at ds from end CFRP near end support (with 

shifted moment line not taken in account) kN 

6�:: �  ;�:: ∗ < ∗  �=   Maximum shear force resistance for End anchorage shear failure 

;�:: � ;�:>�? A7K     maximum shear stress for End anchorage shear failure 

;�:>�? �  s�∗hHl∗��√�n    Representative shear stress for End anchorage shear failure 

f! � 4 )�/�UUk!/"  

�     distance between end of CFRP and edge of support 

�e     Shear force slenderness 
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G. Active adaptive 

Increase of structural height 

Required action for design criteria: Maximum bending moment & Maximum imposed defection 

Increase of length of actuator to meet design criteria. 
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Increase of force in actuator 

Deflection criteria: bending moment and maximum deflection for all floors 

Increase of force in actuator to meet design criteria. 
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H. Stiffness of floors 
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I. Product sheet of steel cable 
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