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Abstract

Timber–Concrete Composite (TCC) floor systems offer a sustainable and structurally efficient solution

by combining the tension capacity of timber with the compressive strength of concrete. Despite their

advantages, the environmental impact of concrete and conventional steel reinforcement remains a

concern. This thesis explores the use of alternative reinforcement methods and materials, focusing on

loose basalt fibres, to evaluate their mechanical and environmental performance in TCC slabs.

The central research question is: “What are the mechanical and environmental implications of using a suitable
alternative reinforcement method and material in timber-concrete-composite (TCC) floor systems, assessed against
a case study?”

A standard floor element from the DPG Media building was selected as the case study. Eight reinforce-

ment alternatives were evaluated through a multi-criteria analysis (MCA), considering parameters such

as strength, ductility, sustainability, and buildability. The most promising option, loose basalt fibre

reinforcement, was selected for further comparison against the original steel mesh-reinforced design.

In the MCA, each reinforcement alternative was scored from 0.0 to 100.0 per criterion, with scores linearly

interpolated between the best and worst performers. To reflect the priorities of this study, environmental

impact was weighted twice as heavily as performance capability, which itself was weighted four times

more heavy than buildability and cost. The final weights assigned were: sustainability (0.5), performance

capability (1.0), and buildability and cost (each 0.125). Performance capability included two equally

weighted sub-criteria, ensuring it did not disproportionately influence the overall outcome. The total

score for each alternative was calculated by multiplying the criterion weights with the respective scores

and summing the results.

To test the robustness of the MCA outcome, a sensitivity analysis was performed on both the weighting

scheme and scoring method. This confirmed that the selection of basalt fibre reinforcement remained

consistently high across variations, reinforcing confidence in the methodology and its conclusions.

Numerical modelling was conducted to assess crack formation due to shrinkage (using LS-DYNA) and

structural capacity under horizontal wind loading (using GSA Oasys) for the selected reinforcement

alternative. LS-DYNA models were developed for three scenarios: non-reinforced, steel mesh-reinforced,

and basalt fibre-reinforced slabs. A smeared cracking approach was used to estimate crack widths

under expected shrinkage. The slab was supported with pinned edges and discrete spring elements

representing the stiffness of notched connections with dowels. The steel mesh model was validated

against the Eurocode analytical method, yielding a crack width of 0.19 mm, which complies with the

Eurocode’s Serviceability Limit State (SLS) requirements of 0.40 mm. These limits are primarily based

on corrosion prevention. For basalt fibre, which is corrosion-resistant, a maximum crack width of 0.70

mm was adopted based on aesthetic considerations found in literature. The model results exceeded

both analytical predictions and crack width limits:

• Non-reinforced slab: 0.95 mm

• Basalt fibre-reinforced slab: 0.96 mm

• Steel mesh-reinforced slab: 1.35 mm

A separate GSA model was developed to assess stress distribution in the top concrete layer of the TCC

slab under horizontal loading, comparing standard steel mesh and basalt fibre reinforcement. For extra

validation, the values are also compared to the values from the SCIA-model from the documentation

of the original design. The unity check for steel mesh was 0.55 in the GSA model and 1.0 in the SCIA

model. For basalt fibre, an additional safety factor was applied due to its brittle nature, resulting in unity

checks of 0.31 (GSA) and 0.43 (SCIA). These results demonstrate the superior mechanical performance

of basalt fibre, supporting the MCA-based material selection.
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Environmental impact was assessed using a cradle-to-gate Global Warming Potential (GWP) analysis

for life-cycle-stages A1-A3, based on available Environmental Product Declarations (EPDs). Fibre-

based reinforcements showed significant reductions in carbon footprint when considering only the

reinforcement material. However, for a fair comparison, both concrete and reinforcement must be

considered. Since fibre-reinforced concrete typically requires a higher cement content per 𝑚3
of concrete

than steel-reinforced concrete. GWP values per square meter of TCC floor (reinforcement only):

• Steel mesh: 4.05 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2

• Basalt fibre: 0.45 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2

GWP values for combined concrete and reinforcement:

• Steel mesh: 16.93 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2

• Basalt fibre: 17.40 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2

Comparison of results for the GWP of only reinforcement and combination of reinforcement and

concrete matrix emphasizes the importance of evaluating the entire concrete-reinforcement system. To

refocus on the reinforcement material, a concrete mix using eco2cem, a lower GWP cement alternative,

was studied. The adjusted GWP values are:

• Steel mesh with eco2cem: 11.26 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2

• Basalt fibre with eco2cem: 11.43 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2

The analysis revealed that fibre reinforcement, when applied with the same cross-sectional height as steel

mesh, results in higher GWP values. However, using low-GWP concrete and considering potential design

optimizations—such as reduced cross-sectional height due to the elimination of corrosion-sensitive

steel and the associated need for concrete cover—could make basalt fibre a more attractive alternative.

An additional finding was the high GWP contribution of dowels, measured at 12.97 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑚2
. The

high GWP value for the dowels is most likely due to the high-level of detail and intervention during the

manufacturing, leading to a more energy intensive process.

The findings indicate that the mechanical behaviour and the sustainability of a TCC floor system

are strongly interconnected, primarily through the concrete mixture rather than the reinforcement

alone. Basalt fibre reinforcement relies on its bond with concrete for structural efficiency, while the

environmental impact in terms of GWP is largely determined by cement content. Using conventional

fibre quantities from literature led to an overdesigned structure with a GWP exceeding that of the

reference DPG TCC floor. This demonstrates that optimizing the concrete mixture is essential for

achieving both structural adequacy and sustainability, even when reinforcement selection is the primary

focus.

This research demonstrates that basalt fibres can meet structural performance requirements and improve

the sustainability of TCC floor systems, particularly when focusing on the reinforcement material. It

also underscores the necessity of evaluating all components of the system together. The developed MCA

offers a framework for assessing novel reinforcement strategies in terms of both mechanical behaviour

and environmental impact.

Recommendations for future research include:

• Expanding data on bio-based fibre-reinforced concrete.

• Experimental validation of fibre-reinforced concrete behaviour.

• Development of design codes for fibre reinforcement

• More comprehensive EPDs to support life cycle assessments of emerging materials



Contents

Preface i

Abstract ii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Research objective and methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4.1 Assessment of reinforcement alternatives (multi-criteria analysis) . . . . . . . . . 2

1.4.2 Modelling of the alternatively Reinforced Structure . . . . . . . . . . . . . . . . . 2

1.4.3 Carbon footprint comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature Study 4
2.1 TCC systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Structural composition and cross-sectional behaviour . . . . . . . . . . . . . . . . 4

2.1.2 History and application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Sustainability of TCC floors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 General analysis methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.2 Assessment of sustainability of TCC floors . . . . . . . . . . . . . . . . . . . . . . 7

2.2.3 The role of TCC in a circular economy . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.4 Limitations of TCC systems and sustainability assessment . . . . . . . . . . . . . 10

2.3 Reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Background of reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.2 Alternative reinforcement types . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.3 Alternative reinforcement materials . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.4 Alternative reinforcements and their sustainability implications . . . . . . . . . . 14

2.3.5 Reinforcement in TCC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Research gaps and future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Case study: DPG media office building 18
3.1 General info . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1.1 Geometrical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.2 Material properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2 TCC floor design process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.1 Design objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.2 Design checks for reinforcement and concrete in case study . . . . . . . . . . . . 22

3.2.3 Load cases considered . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.4 Expected behaviour under design loads . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Change in behaviour for alternative reinforcement method . . . . . . . . . . . . . . . . . 23

3.3.1 Change in environmental impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.2 Change in structural behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.3 Change in design of cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.4 TCC floor environmental impact analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.4.1 Impact of original floor design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.5 Checks for design objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5.1 Crack width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5.2 Diaphragm action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

iv



Contents v

4 Multi Criteria Analysis (MCA) of reinforcement alternatives 30
4.1 Solution Alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2 Main criteria and sub criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2.1 Performance capability: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.2.2 Environmental impact: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2.3 Buildability: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2.4 Cost: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Scoring methodology of the criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.1 Scoring of the criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.2 Weights of criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3.3 Scoring of sub-criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 Determination of values of the alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4.1 Polypropene fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4.2 Glass fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4.3 Carbon fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4.4 Basalt fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4.5 Natural fibres - Coir . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.4.6 Natural fibres - Hemp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.4.7 Basalt fibre reinforced polymer (BFRP) . . . . . . . . . . . . . . . . . . . . . . . . 38

4.4.8 Steel fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.4.9 Steel mesh reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.5 Analysis of alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.5.1 The scoring of the criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.5.2 Total scores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.5.3 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5 Crack width control 46
5.1 Shrinkage calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2 Description analytical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.2.1 Eurocode method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3 Description numerical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3.1 Purpose and scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3.2 Core assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3.3 Implementation in LS-DYNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.4 Analytical analysis Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.5.1 Analytical approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.5.2 Numerical approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6 Diaphragm action of the TCC floor system 56
6.1 GSA model for a TCC floor systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.1.1 Purpose and scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.1.2 Core assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.1.3 Implementation in GSA and Rhino . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.2 Model analysis Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.2.1 Regular reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.2.2 Alternative reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7 Environmental Impact Analysis 62
7.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7.1.1 Environmental indicator and life-cycle-stages used . . . . . . . . . . . . . . . . . 62

7.1.2 Qualitative assessment of non-assessed life-cycle-stages . . . . . . . . . . . . . . . 62

7.2 Environmental product declarations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.3 Environmental impact - A comparison of designs . . . . . . . . . . . . . . . . . . . . . . . 64

7.3.1 Original design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64



Contents vi

7.3.2 Alternative reinforcement design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

8 Discussion 68
8.1 Multi-criteria analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

8.2 Finite element models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2.2 LS-DYNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2.3 GSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

8.3 Environmental impact analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

8.4 Case study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

8.5 Combining model results with the environmental impact . . . . . . . . . . . . . . . . . . 71

9 Conclusion & Recommendations 72
9.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

9.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

References 84

A Detailed criteria list 85
A.1 Performance Capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.2 Environmental impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

A.3 Buildability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

A.4 Life Cycle Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

A.5 Resource efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

A.6 Waste minimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

B Baseline for a more detailed assessment of criteria 89

C Environmental impact and Cost MCA - Calculation examples 93
C.1 Concrete values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

C.2 Reinforcement bars emissions - example steel mesh - regular concrete . . . . . . . . . . . 94

C.3 Fibre reinforcement calculations- example PP fibres . . . . . . . . . . . . . . . . . . . . . 95

D Sensitivity analysis 97
D.1 Interpolation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

D.2 Ranking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

D.3 Weights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

D.3.1 Weights sub-criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

D.3.2 Weights of main-criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

D.3.3 Combined weights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

D.4 Excluding alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

D.5 Setting the min and max values outside of the ranges of variables . . . . . . . . . . . . . 103

D.6 Conclusion of sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

E LS-Dyna results 106
E.1 SLS models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

E.2 Crack width development, shrinkage without discrete beams . . . . . . . . . . . . . . . . 107

E.2.1 Non-reinforced model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

E.2.2 Steel mesh reinforced model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

E.2.3 Basalt fibre reinforced model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

E.3 Crack width development, shrinkage with discrete beams . . . . . . . . . . . . . . . . . 109

E.3.1 Non-reinforced model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

E.3.2 Steel mesh reinforced model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

E.3.3 Basalt fibre reinforced model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

F Wind load model 113
F.1 Figures from rhino model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



1
Introduction

1.1. Background
The global population continues to grow, driving an increasing demand for buildings and infrastructure

[1, 2]. However, the materials commonly used in construction—especially concrete—have a significant

environmental impact. The processes involved in sourcing, transporting, and producing these materials

release large amounts of greenhouse gases and other pollutants [3]. Among the various components

of a building, floor systems contribute the highest share of embodied carbon, making them a critical

focus for sustainable innovation [4, 5]. Concrete is one of the most widely used materials in the

construction industry, with an average global consumption of one ton per capita annually [6]. Concrete’s

environmental burden stems largely from cement, a key ingredient, which is responsible for 5–7%

of global 𝐶𝑂2 emissions [7]. These emissions accelerate global warming and intensify extreme

weather events, while also posing health risks through air and water pollution during production

and construction activities [8]. To address these challenges, composite floor systems have emerged as

a promising alternative. These systems typically consist of a concrete layer combined with a tensile

material that replaces traditional steel reinforcement. This approach reduces the volume of concrete

required and lowers the overall weight of the floor system. However, despite these improvements,

composite structures still rely on emission-intensive materials such as steel reinforcement meshes [9].

Timber presents a renewable and well-documented alternative for sustainable construction. Timber

offers favourable structural properties and a lower environmental footprint. Nevertheless, timber floor

systems face limitations, including sensitivity to vibrations, span restrictions, deflection concerns, and

cost. Timber-Concrete Composite (TCC) systems aim to overcome these challenges by combining

timbers tensile strength and sustainability with concretes compressive capacity, resulting in hybrid

structures that leverage the advantages of both materials [10].

While TCC systems offer improved mechanical performance and partial environmental benefits, the

inclusion of concrete remains a significant contributor to their overall carbon footprint. Recent research

has focused on mitigating this impact by reducing concrete thickness, incorporating recycled aggregates,

and developing low-emission concrete mixtures [11–13]. Additionally, advancements in shear connector

design have enhanced the composite action between timber and concrete, further improving structural

efficiency [14–18]. Despite these efforts, most studies address either mechanical performance or

environmental impact in isolation, lacking an integrated approach. A particularly underexplored aspect

is the reinforcement within the concrete layer. Steel remains the standard choice, yet its production

accounts for approximately 9% of global 𝐶𝑂2 emissions from industrial and energy processes [19].

This makes steel reinforcement a major contributor to the environmental footprint of the industry

and possibly TCC floor systems. To achieve truly sustainable hybrid floor solutions, it is essential to

investigate alternative reinforcement techniques that reduce embodied carbon without compromising

structural integrity.

1
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1.2. Research scope
There are many alternatives to the current standard reinforcement methods. This research will focus on

fibre reinforcement as an alternative to steel reinforcement meshes. Within TCC-floor-systems, there are

many configurations possible, with different factors influencing the reinforcement quantity and lay-out.

This study will focus on one configuration, following a case study. Loading cases in the assessment

will stay limited to static analysis and the performance of the TCC-floor-systems will be based on those

of standard TCC-slabs, according to the Eurocode and eventual extra information from international

codes will be used for these criteria, based on similar projects within Europe. Building materials and

structures have several life cycle phases, all contributing to the total environmental impact of a structure.

In this thesis the life cycle phases A1-A3 (production stage) of the TCC-floor-systems will be studied

quantitatively, whereas the other life cycle stages will be studied qualitatively.

1.3. Research questions
This study investigates alternative reinforcement materials for TCC floor systems by examining their

mechanical and environmental performance through a case study approach, forming the basis for the

following research questions. The main research question of this research summarizes this objective

and is as follows:

“What are the mechanical and environmental implications of using a suitable alternative reinforcement

method and material in timber-concrete-composite (TCC) floor systems, assessed against a case study”

To answer this question, the following sub questions are proposed.

1. “Based on the functional roles and requirements for reinforcement in TCC floor systems, which

alternative reinforcement method and material is most suitable for application using a multi-criteria

analysis?”

2. “How does the most suitable alternative reinforcement method and material compare to an existing

case study design based on their individual mechanical and environmental performances?”

3. “To what extent do the mechanical and environmental performances influence each other with the

implementation of the most suitable reinforcement method and material?”

1.4. Research objective and methodology
In this research the focus lies on identifying sustainable alternatives to conventional steel meshes,

examining their influence on structural behaviour and environmental impact. A Multi-Criteria Analysis

(MCA) will be applied to integrate mechanical and environmental performance indicators, identifying the

most promising reinforcement option for further detailed analysis. To achieve this, the study combines

theoretical understanding with practical tools, integrating numerical simulations and environmental

assessments. The methodology includes a functional analysis, safety and liability checks based on

mechanical behaviour, and a carbon footprint evaluation. The scope is limited to one TCC-floor-system

configuration under static loading conditions, with performance criteria based on Eurocode standards

and relevant international codes. Environmental impact is assessed quantitatively for life cycle stages

A1–A3 (production phase), while other stages are evaluated qualitatively. The research is structured in

three key methodological components.

1.4.1. Assessment of reinforcement alternatives (multi-criteria analysis)
A set of evaluation criteria will be developed and weighted according to their relevance. Reinforcement

alternatives will be scored on a scale from 0.0 to 100.0 using linear interpolation. The total score for each

alternative will be calculated as the weighted sum of individual criteria scores, allowing for a ranked

comparison. This MCA will identify suitable reinforcement options for modelling, based on literature

data, without physical testing. Preliminary environmental impact estimates will also be included in this

phase.

1.4.2. Modelling of the alternatively Reinforced Structure
Finite element (FE) model simulations will be used to model the mechanical behaviour of the TCC floor

slab reinforced with selected alternatives. The modelling will focus on:



1.5. Thesis outline 3

• Cracking: Simulating serviceability limit state-induced stresses and predicting concrete cracking

and its interaction with timber.

• Shear Capacity: Evaluating load transfer mechanisms and the influence of reinforcement type on

shear strength, particularly under wind-induced tensile stresses.

FE model tools such as LS-Dyna (for crack width modelling) and GSA (for wind-load stress distribution)

will be used. The models will be calibrated using existing data and designed to be adaptable for future

updates with field or lab data.

1.4.3. Carbon footprint comparison
A detailed environmental assessment will be conducted to compare the carbon footprint of the original

steel mesh reinforcement with the selected alternative. While the MCA includes preliminary estimates,

this phase will provide a more in-depth analysis using Environmental Product Declarations (EPDs) and

supplementary literature data. The comparison will focus on the global warming potential (GWP) for

life cycle stages A1–A3, quantifying the environmental impact of both individual materials and the

complete TCC slab system. By integrating these findings into a holistic framework for TCC optimisation,

the study aims to bridge the gap between theoretical modelling and practical application, contributing

to sustainable construction through evidence-based strategies that reduce carbon footprint without

compromising structural integrity.

1.5. Thesis outline
This thesis is structured in alignment with the methodological approach, presenting each phase of

the evaluation in a dedicated chapter. Chapter 2 presents a literature study covering reinforcement

fundamentals, alternative materials, TCC system behaviour, and sustainability aspects. Chapter 3

introduces the case study of the DPG Media office building, outlining the original floor structure and

proposed design adaptations for fibre reinforcement. In Chapter 4, a Multi-Criteria Decision Analysis

(MCDA) evaluates reinforcement alternatives based on mechanical performance, environmental impact,

buildability, and cost, identifying the most promising options. These selected alternatives are assessed

in two stages. Chapter 5 investigates the serviceability limit state (SLS) behaviour of the TCC floor

slab, comparing crack width predictions from Eurocode-based calculations with results from a FE

model in LS-DYNA. Chapter 6 examines the ultimate limit state (ULS) performance using two FE

models in GSA Oasys, comparing stress distribution and tensile capacity across different reinforcement

materials. Chapter 7 builds on the MCDA by comparing the carbon footprint of the original steel

mesh reinforcement with selected alternatives using Environmental Product Declarations (EPDs),

quantitatively for life cycle stages A1–A3 and qualitatively for later stages. Chapter 8 gives a reflection

on the research and its limitations. Chapter 9 concludes the research by summarizing findings, and

offering recommendations for future work. Supporting figures, criteria, and calculation examples are

included in the appendices.



2
Literature Study

This literature review establishes the foundation for the research by first introducing timber–concrete-

composite (TCC) systems, outlining their structural composition, historical development, applications,

and mechanical behaviour. It then examines sustainability in the context of TCC floors, with a

focus on assessment methods such as life cycle assessment (LCA) and multi-criteria analysis (MCA).

Finally, the review examines both conventional and alternative reinforcement types, emphasizing their

structural performance and environmental impact. Throughout these discussions, it consolidates

existing knowledge, synthesizes insights from prior research, and identifies gaps in the literature.

This provides the foundation and rationale for the current study, while also presenting potential

reinforcement options for comparison in the MCA outlined in Chapter 4.

2.1. TCC systems
TCC floor systems combine the favourable properties of timber and concrete to create structural elements

that are both strong and efficient. This section provides an overview of their structural composition and

function, traces their historical development and applications, examines their cross-sectional behaviour,

and summarises current research trends in the field.

2.1.1. Structural composition and cross-sectional behaviour
TCC floor systems combine a timber element and a concrete element to create a composite cross-section

that exploits the strengths of each material. The timber forms the bottom layer, resisting tensile stresses,

while the concrete forms the top layer, resisting compressive stresses under loading. Most TCC floors

are designed as one-way spanning, simply supported elements subjected to vertical loading, which

results in positive bending moments and corresponding tensile stresses at the bottom and compressive

stresses at the top [20].

The two layers are connected by connectors, which prevent horizontal slip and enable shear transfer

between the timber and concrete. The stiffness of this connection governs the degree of composite action,

influencing both the shear transfer and the resulting normal stress distribution in the cross-section. In

turn, this affects the element’s overall stiffness, bearing capacity, and deflection [20]. Connections can be

classified into three types [20]:

• Perfectly rigid connections: No horizontal slip occurs, enabling full shear transfer and full

composite action. This results in the highest bearing capacity and the lowest normal stresses.

While true rigid connections are rare, glued connections can approach this behaviour.

• No connection: The timber and concrete layers act independently, with no shear transfer and no

composite action. This leads to the highest normal stresses and deflections.

• Semi-rigid connections: The most common in practice, providing partial composite action. Their

stiffness depends on the connector type and configuration, resulting in intermediate values of

bearing capacity, stresses, and deflections.

4
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Connector types include dowel-type fasteners, notched joints, glued joints, nail-plate connectors, and

friction-based connections. Each type offers different stiffness and ductility characteristics, influencing

both structural performance and failure mode. Failure is defined as the moment when any of the

individual components - timber, concrete, or connectors - fail, with the failure mode dependent on the

connection type [20].

The timber layer can be either solid timber or a composite product such as glue-laminated timber

(Glulam), laminated veneer lumber (LVL), or cross-laminated timber (CLT). It may be used as a

continuous slab or arranged as individual beams, with a thin timber layer serving as formwork that

remains permanently embedded in the floor slab. The concrete top layer typically contains reinforcement

that meets minimum code requirements; this reinforcement is positioned in the compression zone,

where it does not contribute to bending resistance, but instead controls crack widths and can provide

diaphragm action in floor slabs [20].

2.1.2. History and application
TCC structures have recently gained popularity due to various characteristics that make them beneficial

compared to both full timber and concrete floor systems. However, the origin of TCC systems is one

out of necessity. After the First and Second World Wars, in Europe a shortage of steel forced engineers

to develop alternatives. In 1922, Muller designed a system of steel braces and nails that could act as

a connector between timber beams and concrete slabs. Whereas in 1939 Schaub filed a patent for a

different connection system, made up of I- and Z-profiles [21]. These older designs fail to meet the

sound insulation and fire resistance requirements of current design codes and do not comply with

modern legislation [22].

To understand the evolution of TCC systems and their growing application, it is important to consider

the structural elements that define their behaviour and composite action. Modern TCC-floor systems

are composed of several key components, each with distinct functions and impacts. These include the

concrete compressive layer on the top, often incorporating a reinforcement mesh to mitigate shrinkage

cracks; shear connectors such as notches and dowels to facilitate effective load transfer; and an engineered

timber layer at the bottom designed to resist tensile forces. Together, these elements contribute to the

unique performance characteristics of TCC slabs, balancing strength, durability, and material efficiency

[10, 20].

The application and research of TCC systems got an increase in interest in the 1990’s, ranging from

retrofitting existing timber floors, to applications as bridge slabs and as floors in new building projects.

Using nails spaced throughout the beam for the connection between timber and concrete has been a

widely used system and was first used in Bratislava in a historical building in 1960. It gained popularity

as this renovation technique resulted in less than half of the costs for a new floor system [21].

Despite their sensitivity to vibrations and limited spans, TCC floor decks have also been used in bridges.

Since the 1970’s bridges of TCC have been built in New Zealand [23]. A great example of a TCC

bridge, constructed in 1999, is the Vihantasalmi bridge in Finland. The 11 meter wide highway road

accompanied by a 3 meter broad sidewalk, bridge spans 168 meters [24]. Early TCC bridge projects were

crucial in the development of codes and guiding the research of TCC systems. Another of these early

age TCC bridges was the first major composite system in Australia, mid-1950’s, was a highway bridge

over the Maria River. Applications continued throughout the 21st Century, with slight innovations. In

2023, a 70-meter-long pedestrian and biking bridge, was realised in Stuttgart, using a carbon fibre mat

instead of the standard reinforcement mesh [25].

Since the start of the 21st century, TCC systems have found increasing popularity as an alternative to

concrete floor systems, in both residential, industrial and commercial buildings, where sustainability is

a key focus. These systems are particularly suited for low-carbon designs, as by minimizing concrete

volumes and enhancing material reuse [10, 13]. TCC floor systems have a reduced structural weight and

faster construction times, as well as enhanced acoustic and thermal performance compared to more

conventional systems, such as concrete slabs and steel composite concrete slabs [10, 26, 27].

In North-America, an increase in utilization of timber constructions has been seen since 2012. In the

same year, TCC systems got its first large scale project application. The five-story Earth Science Building

(ESB) at the University of British Columbia established an innovative precedent for the use of wood in

building structures, with the first of its kind free-floating cantilevered solid timber staircase[28]. As

with the ESB, other applications of TCC floor systems, applications have been limited to a select few
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renowned projects across the globe. In Australia the Dr. Chau Chak Wing Building located at the

University of Technology Sydney, a 12 story Building designed by Frank Gehry made use of TCC floor

slabs in some of its classroom floors [29]. In Europe, the tallest building using TCC floor was finished in

2019 and is located in Vienna being 84 meters tall, HoHo is a mixed use building that makes use of the

XC® ceiling panels. The floor slabs are prefabricated as opposed to other common TCC application

where the concrete is cast in-situ [30]. In the Netherlands there are two building recently constructed

using TCC floors, HAUT and the new DPG office, both located in the metropolitan area of Amsterdam.

The HAUT building is the tallest building using TCC floors in the Netherlands, consisting of 21 floors at

73-meters in height. HAUT also used energy-generating façades and made use of triple glazing and

recycled materials where possible [31]. These elements highlight the current shift towards sustainability

in the building sector. Arup was involved as consulting engineering firm. DPG will be used as a case

study for this thesis and more information will be provided in section 3.

2.2. Sustainability of TCC floors
Sustainability is a key driver in modern construction, pushing the industry toward solutions that

balance environmental, economic, and structural performance. TCC systems offer a promising approach,

combining the strengths of timber and concrete to reduce material use and enhance efficiency. Assessing

the sustainability of TCC systems requires a comprehensive evaluation of their environmental footprint

across their life cycle, from material extraction and manufacturing to construction, use, and end-of-life

(EOL) scenarios. Since January 1, 2013, environmental impact calculations have been mandatory for

office and residential buildings, following guidelines that require data from the National Environmental

Database and consideration of at least eleven environmental impact categories. Recently these have

been expanded to 19 environmental impact categories, their implementation will start in 2025 [32].

This section explores how sustainability is assessed in TCC systems, focusing on key metrics such as

carbon footprint, embodied energy, and resource efficiency. Particular attention will be given to the

integration of LCA methodologies and their application in quantifying the environmental benefits of

TCC systems compared to traditional construction methods.

Furthermore, the potential role of TCC systems in advancing a circular economy will be examined.

Their hybrid nature presents unique opportunities for reuse, recycling, and resource recovery, aligning

with circular economy principles of minimizing waste and maximizing material value. Challenges

such as the compatibility of timber and concrete for recycling, the feasibility of disassembly, and the

durability of composite materials will also be addressed. By evaluating these aspects, this section aims

to provide a holistic understanding of how TCC systems can contribute to sustainable construction

practices and support the transition to a circular economy.

2.2.1. General analysis methods
Two terms have been used interchangeably to describe the environmental impact of buildings, green

buildings and sustainable buildings. There is a big difference between these terms, green buildings have

been described as creating spaces that are healthy, functional, and efficient while promoting architecture

that harmonizes with nature, minimizes resource use (energy, land, water, materials), protects the

environment. Sustainable buildings have been described as the results of interpersonal processes,

such as communication and co-operation, resulting in information and systems of rules governing

the interaction of members of a society. Sustainability is a multifaceted and interdisciplinary concept,

leading to various interpretations and applications [33].

The first green building label and one of the main green building labels in Europe is BREEAM, its

certifications dominate 80% of the European market for sustainable building certifications. While

BREEAM has the capacity to evaluate all pillars of sustainability, its primary focus remains on

environmental factors, assessed through eight key categories: Management, Energy, Transport, Water,

Materials, Waste, Land Use & Ecology, and Pollution [33]. It assesses most of the mentioned categories

based on checklists, sometimes using a specific number. For example, X percentage of light sources

should be of Y capacity, while other requirements can be performing one specific action on the checklist

[34]. This mix of specified numbers in combination with relatively open to interpretation checklists allows

for a flexible grading but can be difficult to quantify. A lot of countries have their own requirements on

the area of sustainability that the BREEAM and other green building labels adapt to [35].

Green building labels and local regulations typically measure environmental impact through LCA.
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However, while green labels take a broad approach, LCA studies often fail to examine the integration of

environmental, economic, and social aspects. Instead, these aspects are usually evaluated separately

and independently, without offering solutions that combine them. A significant challenge in integrating

these three dimensions lies in their reliance on different measurement units. Two possible methods for

addressing this issue include disregarding the measurement units or converting them into financial

terms (monetization). Due to the qualitative nature of many social impact indicators, monetizing social

impacts is often subjective and speculative, making the option of ignoring measurement units more

suitable for developing an integrated, life-cycle-based framework to assess building sustainability [35].

In 2008 Klöpffer wrote an article highlighting that this integration of the three pillars of sustainability:

environment, economy and social aspects, as an assessment method for materials is not a new

methodology. Yet, this integration of multiple aspects influencing sustainability is often overlooked [36].

A rising method, dubbed the Finnish method, evaluates emissions across the building’s life cycle,

covering material production, construction, replacements, operational energy, and EOL, typically

over a 50-year period. It uses predefined emission factors that account for future reductions based

on national commitments. Uniquely, the method also allows for calculating a “carbon handprint,”

capturing positive impacts such as recycling benefits, concrete carbonation, bio-based carbon storage,

and renewable energy surplus. Manufacturers can report product-specific impacts via Environmental

Product Declarations (EPDs) in line with EN 15804, commonly published through Finland’s RTS system,

ensuring standardized and market-recognized data. [37]

2.2.2. Assessment of sustainability of TCC floors
In 2021 Siddika et al. assessed the sustainability of TCC slabs by looking at the embodied energy,

kilograms of equivalent CO2 emissions, up to the EOL stage per m
2

floor slab, but not going into a

detailed analysis. Research into TCC floor systems assessing the sustainability of these systems often

make use of LCA. LCAs have become a critical tool in evaluating the sustainability of TCC systems.

LCA is an internationally standardized method for assessing environmental consequences of products

and processes [38]. The lifecycles that can be studied in an LCA are defined in the EN 15978 and shown

in Figure 2.1 [39].

Figure 2.1: Life cycle stages [39]

The Global Warming Potential (GWP) is a commonly used as a way to showcase the environmental

impact of a construction in kg CO2 eq./m
2
, together with Primary Energy (PE), for some or all of the life

cycle stages of a designed product. GWP quantifies the total global warming impact of a substance

over a specific time, comparing its cumulative radiative forcing to that of CO2 emissions. PE refers to

energy extracted from natural sources for electricity, heat, or other uses, encompassing both renewable
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sources (e.g., wind, solar, hydro, geothermal) and non-renewable sources (e.g., coal, oil, natural gas).

Assessments are often carried out by looking at cradle-to-grave, cradle-to-cradle, or cradle-to-gate,

focusing on different life-cycle stages. Cradle-to-grave is a comprehensive life cycle assessment that

spans from resource extraction ("cradle") through the use phase to the final disposal stage ("grave").

Cradle-to-cradle is a specialized form of cradle-to-grave assessment in which the product’s EOL stage

involves recycling rather than disposal. This approach seeks to reduce environmental impact by adopting

sustainable practices throughout production, operation, and disposal, while also aiming to integrate

social responsibility into the product development process. Cradle-to-gate refers to an assessment of a

product’s partial life cycle, covering the stages from resource extraction (cradle) up to the factory gate,

prior to its transportation to the consumer (A1-A3) and is always included in environmental product

declarations (EPD) [40].

Dalbiso and Baghban (2025) recently reviewed LCA studies on TCC systems, highlighting that GWP is

the most frequently used indicator. Other common metrics include Ozone Depletion Potential (ODP),

Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Oxidation (POCP), and

Abiotic Depletion (ADP). The majority of studies concentrated on the product stage (A1-A3), reflecting

the greater availability of data for this phase compared to others. The most detailed analyses covered a

broader range of modules, including A1-3, B4, C1-4, and D [41].

In 2021, Kromoser and Holzhaider conducted a comparative LCA of six different floor types, be-

ginning with an analysis of material requirements for concrete and timber. The environmental impacts

were then evaluated across six characterisation categories: GWP, total use of non-renewable primary

energy resources (PENRT), total use of renewable primary energy resources (PERT), ODP, AP, and EP.

To address uncertainty and ensure comparability in EOL assumptions, the study used sector-average

environmental product declarations (EPDs) rather than manufacturer-specific data, covering the full

life-cycle stages A1-D in accordance with EN 15804. This included the reuse, recovery, and recycling

potential in stage D as represented in the EPD datasets.

Qualitative design and performance attributes (e.g., floor type, cross-section shape, presence of cavities)

were converted into quantitative environmental impacts by calculating exact material quantities for

each system and linking them to the averaged EPD impact factors for all six categories [12].

Corti et al. delved into the different recycling scenarios (life cycle stage D) by performing an LCA,

assessing the GWP of several scenarios. The LCA was studied from cradle to cradle, focusing on

stages A, C and D. It analysed multiple EOL scenarios for timber, including landfill, incineration with

energy recovery, recycling, and reuse, while emphasizing the role of sustainably sourced timber in

reducing CO2 emissions through biogenic carbon content. They explored four main EOL scenarios for

timber: landfill, incineration with energy recovery, recycling, and reuse. To provide a comprehensive

assessment, the study examined multiple slab configurations, varying in thickness of timber and concrete

layers, and spanning different lengths. Reuse and recycling scenarios showed better performance than

landfill, with pure timber slabs generally having the lowest GWP impact in these scenarios [13]. The

inclusion of carbon capture for concrete further improved the environmental performance, especially in

reuse-oriented scenarios.

Similarly, Lecours et al. optimized composite floors for sustainability and efficiency. Their paper

evaluates sustainability primarily through embodied carbon emissions and LCA, focusing on the

environmental impacts of construction materials. It uses cradle-to-gate analysis, assessing impacts from

raw material extraction to the factory gate, and incorporates scenarios with and without carbon storage

in timber. Data from Gestimat software and the ecoinvent 3.1 database inform greenhouse gas emission

estimates for materials like Cross Laminated Timber (CLT) and various types of concrete: Non-reinforced

concrete, Fibre reinforced Concrete (FRC), High Performance Fibre Reinforced Concrete (HPFRC) and

Ultra High Performance Fibre Reinforced Concrete (HPFRC). The study compares emissions across

materials, reporting metrics in kgCO2eq/m
2

or kgCO2eq/m
3
, and highlights UHPFRC’s potential to

reduce timber use by 20%, emphasizing resource efficiency. While it briefly considers material costs, the

focus remains on environmental sustainability. Future work is proposed to include cradle-to-grave LCA

with EOL scenarios for a more comprehensive assessment [14].

It should be mentioned that a proper and comprehensive exploitation of low environmental im-
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pact of timber is ensured in case an additional focus on LCA stages C and D is considered. When

an engineer is designing and gets values for an EPD, the EOL stage often includes the incineration

of the timber part of the elements. However, by designing for a different end-of life scenarios, the

environmental impact of TCC floor could be different.

In 2023, Eslami studied the impact of different EOL scenarios of TCC floor slabs on the GWP and PE.

The analysis compared a concrete floor slab, a steel-concrete composite slab, and a TCC slab of the same

dimensions in a cradle-to-grave LCA. In this first comparison, the TCC slab had the smallest impact for

both GWP and PE [42].

A second, cradle-to-cradle LCA was then performed, calculating the potential GWP and PE associated

with stage D for each slab to assess the benefits of reuse, recycling, or recovery. Here, the TCC slab

again proved considerably more advantageous than the other two slabs [42].

For the TCC slab, three EoL scenarios were modelled to address uncertainty:

1. Full energy recovery - assumes complete incineration of timber to produce steam, heat, or

electricity.

2. Typical European average - based on literature data: 37% landfill, 33% recycling, and the remainder

used for energy recovery.

3. Full reuse - assumes design for deconstruction, with a shear connection allowing the CLT panel to

be removed and reused, as targeted by the ECON4SD building prototype.

These qualitative strategies were translated into quantitative LCA results by assigning specific material

flows and applying impact factors for each route. Scenario 3 was shown to have the lowest GWP and PE,

as well as the highest potential benefit in stage D, demonstrating that, for this case, a demountable and

reusable TCC slab is the most sustainable option [42].

2.2.3. The role of TCC in a circular economy
The transition from a linear to a circular economy is gaining momentum, particularly in the construction

sector. In a linear economy, resources are extracted, used to produce products, and ultimately disposed

of at the end of their lifecycle. Conversely, a circular economy prioritizes the reuse of products, extending

their lifecycle and minimizing waste. One key strategy to foster a circular economy in construction

is adopting circular design methods, where buildings, systems, and components are designed for

disassembly and reuse. This approach reduces the consumption of raw materials and curtails harmful

emissions.

TCC systems play a pivotal role in advancing the circular economy by enabling the recovery and reuse

of materials like timber and concrete. By extending the lifecycle of these materials, TCC systems reduce

waste generated during construction and demolition processes [16, 43]. Designing TCC floors for reuse

marks a significant departure from traditional TCC design, which typically focuses on immediate

structural needs and employs permanent connections, not designed for re-use. In contrast, design for

re-use emphasizes deconstructable connection systems, easy material separation, and adaptability for

future use.

Traditional TCC designs, while structurally efficient, often overlook EOL scenarios, leading to significant

waste when materials cannot be separated or repurposed. As a composite system, TCC floors combine

materials with distinct life cycles, making their separation and reuse critical for reducing environmental

impact. Implementing design-for-deconstruction practices can unlock the full potential of these materials

at the end of a building’s life. For example, Derikvand et al. categorized TCC connection systems into

key construction methods: Dry-Dry Systems, Wet-Dry Systems and Hybrid Solutions [16].

Dry-Dry Systems involve prefabricating the concrete slab separately and connecting it to the timber using

components like steel tubes, coach screws, or bolts with additional elements made of steel, wood, or

plastic. Wet-Dry Systems involve mounting connectors on the timber before casting concrete. Examples

include notches with threaded steel bars glued with epoxy, rectangular notches with self-tapping

screws (deconstructable even after high loads), and round notches that avoid screws altogether. Hybrid

Solutions such as the FT connector, which works for both dry-dry and wet-dry systems, feature an

inclined plastic tube, a steel washer, and a screw, offering flexibility across various floor configurations

[16]. These connection systems simplify assembly, disassembly, and material reuse, aligning with

circular economy principles and fostering sustainable construction practices. While the initial costs of

designing for reuse may be higher, the long-term benefits include material recovery, waste reduction,
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and compliance with circular economy goals.

In addition to enabling reuse, circular design closes the material lifecycle loop, transforming the use of

resources from a linear process to a cyclical one. For reinforcement in TCC systems, renewable fibres,

such as waste fibres, natural fibres, and recycled fibres (discussed in Section 2.3), present promising

yet underutilized options. By integrating these practices, TCC systems can further enhance their

contribution to a sustainable and circular construction industry.

2.2.4. Limitations of TCC systems and sustainability assessment
The assessment of sustainability TCC systems faces several limitations and challenges, particularly

when attempting to fully evaluate their environmental impact across all stages of the life cycle. While an

LCA provides valuable insights, it is often restricted to certain life cycle phases such as the product stage

(A1-A3) or sometimes the cradle-to-grave approach. This partial focus can result in gaps, especially in

the post-use stages like disassembly, reuse, or recycling. For instance, many studies on TCC systems

tend to emphasize the initial stages of production, such as material extraction and processing, but may

overlook or fail to provide detailed analysis on the environmental impacts during the EOL phase, which

can significantly influence the overall sustainability of a system.

Additionally, the complexity of evaluating a composite material like TCC, made up of both timber and

concrete, presents its own set of challenges. Timber and concrete have different life cycles, and their

integration in a single system complicates their separation for recycling or reuse. Timber, for example, is

biodegradable and can be reused or recycled, but concrete typically requires more intensive processing.

This divergence creates difficulties when trying to design systems that facilitate material recovery or

ensure long-term environmental benefits. The challenge is further exacerbated by the fact that most

TCC systems, unless explicitly designed for disassembly, include non-deconstructable connections,

making the separation of materials more challenging and costly.

Moreover, integrating environmental, economic, and social aspects into a unified sustainability frame-

work remains a significant hurdle. LCA often isolates these dimensions, which can lead to oversimplified

conclusions. The monetization of social impacts, for example, is highly subjective and often speculative,

leading to uncertainty in assessments. Without a standardized approach that addresses these three

pillars holistically, achieving a truly sustainable building design using TCC systems remains a complex

task.

In the context of the circular economy, the potential for TCC systems to contribute is clear, but the

realisation of this potential is uncertain without additional research into the reusability of components,

especially at the EOL stage. The current lack of detailed analysis on material recovery processes limits

the ability to fully exploit the environmental benefits of TCC systems. Furthermore, while designing for

disassembly can significantly reduce environmental impact, the initial investment and design complexity

are higher, posing economic challenges for widespread adoption. There are also concerns regarding the

standardization of such designs and their integration into current construction practices. Therefore, a

more detailed and holistic approach to LCA, alongside innovation in material separation and recovery,

will be necessary to fully realize the sustainable potential of TCC systems.

2.3. Reinforcement
Reinforcement is a fundamental component of both concrete and concrete–composite structures,

serving to enhance tensile capacity and prevent brittle failure. To evaluate the implications of

replacing conventional reinforcement, it is necessary to first understand its structural role in both

reinforced concrete (RC) systems and composite configurations. This section reviews conventional steel

reinforcement and examines alternative options, considering their mechanical behaviour, applicability,

and potential influence on the properties and performance requirements of the surrounding concrete.

2.3.1. Background of reinforcement
Concrete is inherently strong in compression but weak in tension, which makes reinforcement es-

sential for preventing brittle failure. The reinforcement material itself must therefore exhibit ductile

behaviour to avoid sudden collapse. Steel has long fulfilled this role, with its use in reinforced concrete

dating back more than a century. The first specifications for reinforcement steel appeared in the

1910s [44], while in the Netherlands, quality guidelines have existed since 1968 and are now covered
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by NEN-EN 10080 [45, 46]. Structural design rules for reinforced concrete are provided in Eurocode 2 [47].

Steel reinforcement is widely available due to the extensive global steel industry. In 2019, around 950

million tonnes of steel were used for reinforcement applications [48], and in 2023 global crude steel

production reached 1.892 megatonnes. In the Netherlands, approximately 88% of steel companies

specialise in producing braided concrete reinforcement, underlining its significance within the national

steel sector and its ease of procurement [49–51].

However, steel production is highly energy-intensive, requiring high processing temperatures and

multiple production stages. Although reinforcement steel is typically recycled at the end of a building’s

life, its initial production has a substantial environmental footprint. Globally, steel production accounts

for roughly 9% of CO2 emissions from energy use and industrial processes [19].

2.3.2. Alternative reinforcement types
While steel remains the default choice in most current design practices, its environmental impact has mo-

tivated research into alternative reinforcement types. These alternatives differ in material composition,

reinforcement method, and compatibility with concrete, and some may also influence the concrete’s

mix design or structural detailing requirements. This subsection provides an overview of potential

alternatives, such as fibre reinforcement, non-ferrous metal reinforcement, and composite materials,

highlighting their properties, benefits, limitations, and current barriers to widespread adoption.

In table 2.1 the pro’s and con’s for the reinforcement methods are listed, with a more detailed

explanation of the reinforcement methods following in the paragraphs in this section.

Table 2.1: Overview of pros and cons of alternative reinforcement methods

Reinforcement method Pros Cons

FRC - Improves crack control, ductility,

and post-cracking toughness.

- Reduced workability and chal-

lenges in fibre dispersion.

- Can reduce or replace conventional

rebar in certain applications.

- Performance depends strongly on

fibre type, dosage, and matrix qual-

ity.

- Enables slender, lightweight, and

prefabricated elements.

- Limited or evolving design codes

for structural applications.

- Well-suited for seismic-resistant

structures.

- Higher initial costs and limited

recyclability.

FRP - Improves crack control and dura-

bility.

- Linear-elastic behaviour until sud-

den brittle failure.

- Corrosion-resistant, reducing

maintenance needs.

- Performance depends strongly on

fibre type, dosage, and matrix qual-

ity.

- Can reduce or replace conventional

rebar in certain applications.

- Limited or evolving design codes

and standardised testing methods.

- Enables slender, lightweight, and

prefabricated elements.

- Higher initial costs and limited

recyclability.

FRC
FRC incorporates discrete fibres into the concrete matrix to enhance its mechanical performance and

durability. The use of fibres as reinforcement for brittle matrix materials has existed for thousands of

years, with modern applications in concrete employing materials such as asbestos, cellulose, polypropy-

lene, glass, and steel [52]. Depending on their properties, fibres can be broadly categorised into

high-modulus types, capable of partially or fully replacing conventional reinforcement in structural

applications, and low-modulus types, which are generally used in smaller quantities to control shrinkage

cracking and improve fire resistance [53]. At low volumes (typically below 0.4% by volume), fibres

mainly influence the post-cracking behaviour of the concrete, while higher volumes can also enhance
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TRC - High tensile strength. - Linear-elastic behaviour until

sudden brittle failure.

- Corrosion-resistant, reducing

maintenance needs.

- Poor performance in compres-

sion and shear compared to

steel.

- Can reduce or replace conven-

tional rebar in certain applica-

tions.

- Higher initial costs and limited

recyclability.

- Enables slender, lightweight,

and prefabricated elements.

- Limited or evolving design

codes and standardised testing

methods.

pre-cracking load capacity. Fibres are often added to: (a) improve rheology or plastic cracking resistance

in fresh concrete; (b) increase tensile or flexural strength; (c) enhance impact resistance and toughness;

(d) control cracking and improve post-cracking ductility; and (e) increase durability [53].

The performance of FRC depends primarily on fibre volume, the physical and mechanical prop-

erties of the fibres and matrix, and the bond between them [52]. As concrete typically fails in tension

before fibres reach their ultimate strain capacity, the principal benefits of fibres occur in the post-cracking

stage. Here, fibres bridge cracks, improving ductility, toughness, and energy absorption [54]. This

bridging effect also enhances seismic performance by preventing brittle failure under cyclic loading

[54]. However, the inclusion of fibres can reduce workability, and achieving uniform fibre distribution,

especially in dense mixes, often requires highly flowable self-compacting concrete [52].

FRC offers potential benefits in reducing the need for conventional reinforcement, lowering the

labour and cost associated with steel rebar placement, and enabling thinner or lighter structural

elements, such as tunnel linings and pavements [53]. In some cases, fibre inclusion can reduce the weight

of concrete elements by one-third to one-half while maintaining equivalent load-bearing capacity [52].

Optimal fibre content is necessary to balance improvements in strength and ductility with acceptable

workability [53].

Despite its advantages, the structural use of FRC remains limited. Much of the research into the

structural response of FRC elements has emerged in the past fifteen years, and the absence of widely

adopted international building codes for FRC design continues to hinder its uptake [54]. While design

guidelines exist, practitioners often hesitate to apply them in the absence of clear, standardised code

provisions, preferring to rely on established materials with codified design rules [54].

Fibre reinforced polymer (FRP) bars
FRP bars are composite materials consisting of high-strength fibres, such as glass, carbon, aramid, or

basalt, embedded in a polymer matrix, typically epoxy, polyester, or vinyl ester resins. While fibres

provide tensile strength and stiffness, the matrix ensures stress transfer and environmental protection

[55, 56]. Surface treatments such as sand coatings or wound textures are often applied to improve the

bond with concrete [57].

The mechanical behaviour of FRP rebars differs fundamentally from that of steel reinforcement.

FRPs are anisotropic, linear-elastic until brittle failure, and exhibit high tensile strength in the fibre

direction but reduced performance in compression and shear [58]. As a result, FRP-reinforced concrete

members often display larger deflections and wider cracking prior to sudden failure [59]. Their prop-

erties are influenced by fibre orientation, fibre-to-matrix ratio, curing conditions, and manufacturing

quality control [56, 60].

Global standardisation efforts have accompanied the introduction of FRPs in construction. The

first design recommendations were published by the Japan Society of Civil Engineering (JSCE) in 1997,

followed by codes in Europe, North America, and elsewhere [61, 62]. In particular, ACI Committee 440

established widely used guidelines for the design and testing of FRP-reinforced concrete [62]. These
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documents aim to reduce design uncertainty by providing standardised test methods for mechanical

and durability performance.

The main driver for FRP adoption is corrosion resistance, making it especially suitable for marine

environments, bridges exposed to de-icing salts, and other aggressive conditions. Although FRPs

involve higher initial costs and embodied emissions than steel, they can extend service life and reduce

overall life-cycle costs [55]. Their non-magnetic and non-conductive properties also enable specialised

applications, such as in MRI facilities, railway systems, or “soft-eye” tunnel boring operations where

temporary reinforcement must be cut away [63].

Despite these advantages, FRPs face limitations due to their brittle failure modes, lack of ductil-

ity, and reduced compressive capacity compared to steel. However, ongoing advances in materials and

design standards continue to expand their role in sustainable and durable concrete construction [56, 58].

Textile-Reinforced Concrete (TRC)
TRC replaces conventional steel reinforcement with non-metallic textile meshes made from high-tensile

fibres such as carbon or alkali-resistant (AR) glass. The absence of steel removes the need for a concrete

cover, allowing the design of slender, lightweight members. TRC has been applied both in new elements

(e.g., façades, shells, balcony slabs) and in the strengthening of existing structures, where its corrosion

resistance, flexibility, and fire performance provide advantages over FRP [64, 65].

The performance of TRC depends on fibre type, mesh geometry, and bond characteristics with

the surrounding cementitious matrix. The fine mesh requires mortar mixes with small aggregate sizes

(≤2 mm), often combined with pozzolanic additives or mineral admixtures to improve compatibility,

strength, and durability [65]. While TRC enhances tensile strength and crack control compared to plain

concrete, its brittle fibre behaviour can limit ductility under extreme loading. Research into engineered

cementitious materials, multi-layer textile configurations, and varied fibre orientations aims to address

these challenges [64].

Bond-slip behaviour is critical for load transfer and overall composite action. Pull-out tests indicate that

greater embedment length increases strength and deformation capacity, though failure typically occurs

by fibre rupture. While analytical bond-slip models have been proposed, the absence of standardised

testing procedures continues to hinder broader implementation [64].

TRC offers clear durability benefits, including reduced cracking, freeze–thaw resistance, chemical

resistance in some fibre types, and immunity to corrosion. Its lightweight nature also supports pre-

fabrication and ease of handling. However, its bending capacity is generally lower than conventional

steel-reinforced concrete, limiting its use to secondary or non-structural applications. Although pilot

projects such as pedestrian bridges in Germany highlight its potential, the lack of unified codes and

manufacturing standards currently confines TRC to niche applications and research contexts [64, 65].

2.3.3. Alternative reinforcement materials
The materials used in alternative reinforcements have been briefly mentioned in the previous section, in

this section a more detailed overview of materials used and the benefits are highlighted.

Most materials mentioned in literature are non-metallic materials. This brings a few benefits pri-

marily based on eliminating the corrosion sensitivity of the reinforcement. Using a material that is not

corrosion sensitive removes the need for most of the cover requirements. As these requirements are

based on bonding requirements and to keep the steel reinforcement save from chloride intrusion and

carbonation of the concrete. Changing the material for the reinforcement thus removed the need for the

cover thickness, but also makes these reinforcement alternatives suitable for aggressive environments.

In these aggressive environments, concrete structures often suffer structurally from carbonation and/or

chloride ingression.

The most common materials for reinforcement are mentioned below, with their pros and cons listed.



2.3. Reinforcement 14

Table 2.2: Advantages and disadvantages of common fibre materials used in concrete composites (based on [52–55, 64, 65])

Material Advantages Disadvantages
Steel - High tensile strength and ductility [52]

- Established design codes and stan-

dards [54]

- Widely available and easily recycled

[52]

- High self-weight [52]

- Prone to corrosion in aggressive envi-

ronments [55]

- High embodied energy and CO2 emis-

sions [53]

Polypropylene (PP) - Lightweight and low cost [53]

- Chemical and corrosion resistant [65]

- Reduces shrinkage cracking and im-

proves fire resistance [53]

- Low tensile strength and stiffness [53]

- Limited structural contribution [54]

- Poor high-temperature resistance

(melting) [65]

Glass (GFRP / AR-

glass)

- High tensile strength [55]

- Corrosion resistant [55]

- Cost-effective compared to carbon fi-

bres [64]

- Lower stiffness than steel or carbon

[55]

- Susceptible to alkaline attack (unless

AR type) [65]

- Brittle failure mode and low ductility

[54]

Carbon - Very high tensile strength and stiffness

[64]

- Corrosion resistant and durable [55]

- Lightweight [65]

- High cost [64]

- Brittle failure mode [54]

- Energy-intensive production [55]

Basalt - High tensile strength [55]

- Corrosion and chemical resistant [55]

- More sustainable (natural origin) [55]

- Cost between glass and carbon [55]

- Limited design codes and field data

[55]

- Brittle failure mode [54]

- Lower stiffness than carbon [55]

Cellulose / natural

fibres

- Renewable and biodegradable [52]

- Low cost and widely available [52]

- Improves sustainability profile [53]

- Low tensile strength and stiffness [52]

- Sensitive to moisture and biological

degradation [53]

- Limited structural applications [54]

2.3.4. Alternative reinforcements and their sustainability implications
The use of alternative reinforcement materials introduces distinct sustainability implications compared to

conventional steel reinforcement. These differences arise partly from the specific environmental impact

of the reinforcement material itself, and partly from indirect effects on the design and performance of

the surrounding concrete system. The latter can be considered in two main areas: (a) changes in mix

design and material use during production, and (b) implications for the EOL phase of the structural

element.

Influence on concrete mix design
Studies on fibre-based reinforcement systems, such as FRC and TRC, highlight that the workability of

the fresh mix and the allowable aggregate size often govern the performance of the hardened concrete

[52, 64]. In FRC, achieving uniform fibre distribution typically requires the addition of water-reducing

agents and, in many cases, an increase in cement content to compensate for the reduction in larger

aggregates [53, 54]. Similarly, TRC generally demands a fine-grained matrix with a maximum aggregate

size of 2 mm, often enhanced with mineral admixtures to ensure adequate bonding with the textile

mesh [65].

From a sustainability perspective, these mix modifications can increase the environmental burden,

particularly due to the higher cement content compared to mixes used for conventional steel-reinforced

concrete. Since cement production is a major contributor to global warming potential, this adjustment

can offset some of the benefits of reducing steel reinforcement. The use of supplementary cementitious

materials (SCMs), such as fly ash or slag, offers a pathway to mitigate this impact and allow more

equitable comparisons between reinforcement methods.
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Implications for EOL
While many environmental assessments of alternative reinforcement materials are limited to cradle-

to-gate analyses, some studies also evaluate EOL impacts by modelling different scenarios [55, 64].

For composite systems, however, separation of reinforcement and matrix is often energy-intensive,

complicating recycling compared to steel, which benefits from a well-established recycling infrastructure.

Research on TCC demonstrates that modelling EOL scenarios (reuse, recycling, energy recovery, or

landfill) can significantly alter the life cycle outcomes, underlining the importance of realistic assumptions

for novel systems [12, 42].

Consequently, when assessing the sustainability of alternative reinforcements, particular attention must

be given to whether proposed recycling or reuse scenarios are practically achievable. Unlike steel, where

established recycling chains ensure high recovery rates, the EOL pathways for composites remain less

developed and therefore present significant challenges [50, 66].

2.3.5. Reinforcement in TCC
Reinforcement in TCC floor systems plays a vital role in enhancing structural performance by leveraging

the complementary strengths of timber and concrete. In TCC floors, reinforcement, such as steel

meshes, serves several purposes, including preventing shrinkage cracks in the concrete layer and

providing redundancy to ensure structural safety under unexpected conditions. This section focuses

specifically on the role of reinforcement in controlling shrinkage, a critical factor in maintaining the

integrity of the composite system. The integration of reinforcement offers versatile applications, both

within TCC systems themselves and in broader construction contexts, where their hybrid nature proves

advantageous. However, the practical implementation of reinforcement in TCC systems introduces

challenges, including material compatibility, construction precision, and cost-effectiveness. Additionally,

ensuring long-term durability requires addressing concerns such as moisture resistance, fatigue under

cyclic loading, and corrosion protection. These aspects underscore the complexity and significance of

reinforcement in TCC floor systems within modern construction practices.

TCC - Reinforcement design methodology according to the Eurocodes
The design of TCC floors must also account for reinforcement requirements. According to Eurocode 5,

which covers the structural design of timber structures, timber–concrete composite TCC systems, and

general rules for buildings, minimum reinforcement is prescribed to control cracking in the concrete

at the serviceability limit state [67]. Two approaches are specified in the code for determining this

minimum reinforcement.

In practice, the reinforcement in TCC slabs is rarely activated in tension, as the concrete layer primarily

resists compressive stresses. Consequently, most designs adopt only the prescribed minimum reinforce-

ment, typically determined from tabulated values that depend on the concrete strength class and the

thickness of the concrete topping. This table can be found in table 2.3. This reinforcement primarily

serves to limit shrinkage cracking of the concrete rather than contributing to the load-bearing capacity

under live loads.
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Table 2.3: Design table for minimum reinforcement in TCC floors[67]

Since TCC slabs are often designed and modelled as simply supported members, they generally lack

continuity. However, if reinforcement is intended to transfer horizontal forces, the concrete topping

must be continuous across the height of the reinforcement bars. In such cases, the reinforcement must

also be verified for tensile capacity under ultimate limit state conditions.

Reinforcement alternatives in TCC floors
Within TCC floors, alternatives to steel reinforcement meshes are mainly related to fibre reinforcement.

FRC has been studied extensively as a replacement for steel reinforcement bars and a handful of research

regarding TCC floors has used fibres as alternative reinforcement. The residual tensile strength after

cracking, a key design parameter for FRC structures, is the mechanical property most significantly

affected by fibre reinforcement. In 2009, M. di Prisco et al. showed that some fibres, low-carbon

hooked-ends steel fibres, having small size and a low modulus of elasticity, could be used to reduce

shrinkage cracking and to enhance fire resistance [68].

In 2002 K. Holschemacher showed that replacing the reinforcement mesh by steel fibre reinforcement

(SFRC) functioned similarly to reinforcement mesh. In this study, one mixture using SFRC was chosen

based on experiments to be used for the renovation of an existing timber beam ceiling in an older

building in Germany. By using SFRC, the need for the concrete cover, as is required with meshes,

was eliminated. Resulting in less concrete used and thus adding to sustainability. The study also

includes a reference to fibre as a way to reduce emission due to production and transport [18]. A more

contemporary study by S. Lecours et al. 2023 used glass fibres and fibre reinforcement to replace the

standardly used reinforcement mesh. In this study, push-out tests were also used to assess the shear

capacity and the failure modes of the specimens [14]. Using the fibre reinforced concrete, increased the

shear capacity for each notch type and prevented shear cracks from forming, reducing scattering at

failure.

In 2010 M. LeBorgne used nylon fibres and type I steel fibres in concrete timber composite specimens

showing that fibre reinforcement reduces shrinkage of specimens. The specimens were tested in a

4-point bending test. The main failure modes were found to be Horizontal block shear failure, combined

tension and bending failure at the inner notch, Combined tension and bending failure at mid span and

Concrete buckling in compression [69].

In 2010 another study on fibre reinforcement in TCC took place, focusing on the influence of fibre

reinforcement in lightweight concrete on the overall strength of TCC slabs, by H. Kieslich et al. The

flexural bending and post-cracking behaviour was tested in a four-point-bending test [70].

Ongoing research in Germany focuses on harnessing the bending load-bearing capacity of the concrete

slab in HBV ceilings. The study includes analytical, numerical, and experimental investigations into
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the load-bearing behaviour of HBV components reinforced with textiles made from natural fibres. To

evaluate which HBV panel variants meet the standards of DIN CEN/TS 19103, push-out tests are

conducted to determine the load-bearing capacity and stiffness of the composite joints on panel strips.

Typically, only HBV components with notches designed to ensure bonding are tested. Test specimens are

being produced with impregnated textile reinforcement made from natural fibres, alongside reference

specimens using conventional steel reinforcement. However, these reference specimens feature notches

without additional anti-lifting devices to secure the bond. The project is expected to conclude in May

2025 [71].

It should be noted that concern was raised when reducing the concrete layer due to the elimination of

concrete cover requirements when using fibre-reinforcement. It reported that an ultra-thin concrete layer

led to both reduced strength and stiffness of the specimens significantly, while adhering to vibration

requirements [11]. The strength and stiffness of TCC systems using reinforcement alternatives should

have similar values to systems using steel meshes. Even though reduced concrete content will lead to

less emissions, enough concrete should be present in the cross-section to provide stiffness and strength.

Even though studies containing alternatives for reinforcement in TCC are limited and reinforcement not

being the focus, it has been a focal point within reinforced concrete as structural elements

2.4. Research gaps and future directions
The literature demonstrates significant progress in understanding the structural behaviour, material

choices, and environmental performance of TCC systems. Nevertheless, several gaps remain that limit

both the optimisation and wider adoption of these systems.

Firstly, while fibres, FRP, and textile reinforcements have been extensively studied in conventional

concrete, their application in TCC remains underexplored. The unique requirements of composite

action, such as shrinkage restraint, splitting resistance around connectors, and efficient load transfer

between materials, necessitate tailored reinforcement strategies rather than direct extrapolation from

existing concrete research.

Secondly, despite promising alternatives such as recycled steel fibres, basalt, or natural fibres, there is a

lack of systematic investigation into their long-term durability, structural performance, and compatibility

with the thinner concrete layers common in TCC floors.

Thirdly, the environmental dimension, although increasingly acknowledged, is still treated as secondary

to structural optimisation. Most studies emphasise strength and stiffness, while fewer integrate life-cycle

assessments that account for material production, modified concrete mixes, and EOL scenarios. The

absence of standardised test methods and codified design rules for alternative reinforcement further

constrains the translation of these findings into practice.

Together, these gaps underscore the need for future research that integrates mechanical, environ-

mental, and economic considerations, thereby supporting the development of more sustainable and

widely applicable TCC solutions. Furthermore, this research shows the potential benefits of steel

reinforcement alternatives.



3
Case study: DPG media office building

This chapter introduces the case study used to evaluate the structural and environmental performance of

timber–concrete-composite (TCC) floor slabs. The case study serves as the reference design for assessing

the effects of alternative reinforcement strategies examined in later chapters.

The selected case study building features a representative TCC floor configuration, making it a suitable

benchmark for comparison with the alternative reinforcement methods identified in the multi-criteria

analysis (MCA) presented in Chapter 4. The chapter begins with an introduction to the case study

project, followed by the description of the slab geometry and material properties. It then presents

the assessment of the original reinforcement design and its associated environmental footprint. The

findings from this chapter establish the baseline against which the performance and sustainability of

alternative reinforcement solutions are compared throughout the remainder of the thesis.

3.1. General info
The DPG Media building (Mediavaert) is an office building located on the border of Amsterdam and

Duivendrecht. The building was finalised in October 2024 and has a bruto area of 44.691 m2. It is a

building existing of 2 levels under ground, and 7 levels above ground, of which the top 6 are a hybrid

system of steel and timber, using TCC floor systems. The stability of the system is ensured by a core and

diaphragm action in the concrete part of the TCC floor slabs [72]. In figure 3.1 the final building can be

seen [73].

Figure 3.1: DPG mediavaert building [73].
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3.1.1. Geometrical properties
The floors in the Mediavaert building are single span TCC floor systems. The concrete and timber layer

are connected by means of notches and dowels. The cross-section of one of the floor types is given in

figure 3.2 [72]. A description of the various TCC components follows.

Figure 3.2: Cross-section of TCC floors used in the DPG mediavaert building [72]

Geometrical properties of a cross-section
A general cross-section of the floor is layered as follows: the bottom is a 5-layered CLT slab, with layers

of 40 mm, 200 mm thick in total; on top of the CLT slab is a 100 mm reinforced concrete layer, with a

mesh of 6 mm diameter, spaced every 150 mm,this mesh spans in both directions [72].

(a) 3D cross-section (b) Cross-section showing the reinforcement used

Figure 3.3: Cross-section of the floors, with a column [72].

Along the edges of the slabs there are extra reinforcement bars present, these are for robustness of

the slabs. The diameter of these is 25 mm, a cross-section with both these reinforcement bars and the

reinforcement mesh can be seen in figures 3.3 [72]. At the edges there is an incision in the concrete to

prevent hogging moments from developing and thus prevents tension in the concrete due to bending.

This incision is taken as a maximum of 15 mm from the top of the concrete layer. This leads to an

assumption of the height of the concrete layer as (100 mm - 15 mm =) 85 mm.

Spans
There are several floor spans present in the building, all referred to as a floor type, ranging from 3.00 to

8.10 meters and a width of 2.4 meters (the width of a pre-fabricated CLT panel). The governing floor

in the SLS has an effective span of 7.70 meters for the timber and 8.1 for the in-situ concrete top layer.

This floor type is referred to as floor type 1, located in the building as can be seen in figure 3.4 [72]. A

cross-section of this floor can be seen in figure 3.5, with the total span to the middle of the supporting

column being equal to 8.10 meters[72].
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Figure 3.4: Floor plan of the floors used in the DPG mediavaert building [72].

Figure 3.5: Cross-section of TCC floors, type 1 [72].

Connection
The connection between the concrete and the timber is realised by means of notches with dowels. The

grooves are spaced in such a way that they are closer to each other at the locations of higher shear

forces,closer to the supports. The grooves span the whole width, 30 mm high, reduce the height of the

CLT slab and are 150 mm in length. The amount of dowels per groove also increases when the groove is

located closer to the supports. This difference in dowels can be seen for floor type 1 in figure 3.6. In the

same figure the screws (dowels) used can be seen, in all the floor types the dowels with a diameter of 16

mm and length of 200 mm are used [72].

(a) Spacing of dowels (b) Dowels

used

Figure 3.6: Connection details for floor type 1 [72]

3.1.2. Material properties
The reinforcement steel components are made of B500B steel, the E-modulus of this steel type is equal to

210 GPa. The concrete top-layer is of strength class C30/37, with an E-modulus of 330 GPa. The CLT

slab is made up of layers of timber of strength class C24, the E-modulus in the grain direction is equal to

120 GPa and orthogonal to the grain the E-modulus is equal to 0 GPa [72].
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3.2. TCC floor design process
This section describes the concept developed to assess the influence of changing the regular reinforcement

mesh for an alternative reinforcement. Firstly, the design objectives are presented. Next an overview of

the checks for a TCC floor regarding the reinforcement and the concrete is given. Finally the influence

that several types of alternatives might have on these checks.

3.2.1. Design objectives
The design process of TCC is different from non-composite building materials. These materials can

enhance the overall performance while also negatively impacting smaller scale aspects. Thus multiple

design objectives can be determined. There are large scale (system wide) objectives, namely:

• Ensuring robustness of the system

• Ensuring diaphragm action of the floors

The robustness ensures a second load path in case of a member collapsing or failing. Making sure

that the system is still safe to use in that case. The second one is system wide but more localised as it

mainly concerns the floor. The stability of the system is based on the stability core at the location of the

staircase and elevator shafts. For the horizontal forces, in the Netherlands mainly due to wind forces

and horizontal offset of the building, to be redistributed from the edge of the building, the floor needs

to be able to distribute forces in the horizontal plane. This phenomenon is called diaphragm action

and is ensured by incorporating tensile members in the concrete top layer. This can be realised as the

concrete is cast in situ and thus one big, uninterrupted, structural element.

On a smaller scale, elements, there are two objectives:

• Ensuring comfortable usage of the structure.

• Ensuring safe usage of the structure.

The limit of comfort of usage is also known as the Usability Limit State (ULS) of a structure. For the

design of a TCC system this encompasses minimising deformations of the floor slab. This is ensured by

calculating the sag of a floor slab induced by the expected loads of the floor element. This resistance to

this sag is determined by the stiffness of the separate materials: CLT and concrete, and the connection

between the two layers. If the sag is found to be to large, an opposite sag can be introduced to the timber

before pouring the concrete. This can be done if the weight of the concrete offsets this opposite sag, as

the self weight of the concrete is a load on the system.

Limiting vibrations during the usage of the floor is also analysed as timber is a light material sensitive to

vibrating. In floor systems using just timber as floors, this is reduced by adding a screed layer on top,a

mixture similar to concrete but made of only small aggregates and cement, to add extra weight to reduce

the sensitivity to vibrations. In TCC floor slabs, concrete takes the role of the screed. However, unlike

screed, the concrete also increases the stiffness and contributes to the strength and behaviour of the

whole floor system. Another limit in the ULS is the crack width in the concrete layer. This is partially to

ensure proper behaviour of the concrete in terms of carrying loads, for aesthetics, but also to reduce the

chance of harmful substances intruding into the concrete. Through cracks these substances can degrade

the reinforcement within and thus reduce the performance capacity of the system on the long term.

Finally, as the structure should be safe to use, there is a Serviceability Limit State (SLS) that all materials

and elements have to adhere to. The safety is ensured by comparing the expected response of the system

under a specified load, the expected loads increased with set factors, to the design resistance. These are

usually then compared by means of a unity check: acting load response divided by designed resistance.

Resistance and loading are typically non-uniform across the cross-section. Therefore, design values are

calculated over the full cross-section at critical locations along the span. The behaviour and response

to the load can be put into several categories, also all checked for in the original design for the whole

system:

• Normal capacity: Resistance along the element’s axis, compression (negative) and tension (positive).

Both must be verified.

• Shear capacity: Resistance to forces perpendicular to the element’s axis.
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• Bending moment resistance: Resistance to deformation due to bending moments.

• Torsional resistance: Resistance to twisting forces.

• Combined effects: These capacities can interact. Eurocode provides formulas for evaluating their

combined contribution.

The checks are usually performed by computing the stresses due to each of these categories and then

compare them to the design tensile and compressive capacity of the element. Usually computed for

each material as each material has different capacities.

3.2.2. Design checks for reinforcement and concrete in case study
According to the calculation checks in the document provided by Arup, the checks involving the steel

reinforcement are as follows [72]:

• SLS: The crack widths are indirectly checked by choosing the minimum reinforcement according

to table 9.1 in Eurocode 5 [67].

• ULS: Tensile forces in the concrete slab due to wind forces.

The robustness of the system was assumed to be fulfilled by a set of secondary reinforcement bars as

can be seen in figure 3.3. These bars were mentioned to be required, even in the regular design by

Dutch legislation. Thus these were kept and the robustness left out of scope in the comparison between

the reinforcement types. There were other checks where the concrete had an influence on the checks,

depending on the alternative, the concrete characteristic values might change. This might influence the

stiffness of the connection and thus a few checks.

The checks involving the concrete are as follows:

• SLS: Floor sag at different stages, the concrete’s Young’s Modulus influences stiffness of the slab

and thus the total sag.

• SLS: Vibrations, the concrete’s Young’s Modulus influences the floors stiffness and thus the

vibration frequency, acceleration and sag with a 1 kN equivalent load.

• ULS: Design shear resistance in the notch, stiffness of concrete is involved.

• ULS: Design shear resistance between concrete and timber in the cross-section, concrete stiffness

and compressive strength.

The biggest influences will be in terms of crack width and tensile capacity when changing the

reinforcement types. Thus these will be computed for the original design. To ensure a proper

comparison, the same dimensions and material properties besides the concrete mix will be used, for the

timber and the connection. Though it is worth noting that different floor types mainly differ in span, the

cross-sectional heights stay the same, and in the amounts of dowels. In the continuation of the study,

the floor type 1 with the maximum amount of dowels, under maximum loading, is considered.

3.2.3. Load cases considered
For the functionality and checks of the structure only one type of loading was considered. The case

considered was wind loading perpendicular to the long side of the building (y-direction, see figure 3.7),

with a representative value of 5.02 kN/m. Using the load factors and combinations on, the maximum

load for which the diaphragm action was checked was found to be equal to 7.56 kN/m.
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Figure 3.7: Global wind-loading on building in y-direction [72]

3.2.4. Expected behaviour under design loads
With the shrinkage and the wind load being governing in the design of the reinforcement, there are

a few ways the stress distribution differs from most reinforcement designs. In most cases a linear or

bi-linear stress distribution is found to be governing. However, in case of uniformly applied horizontal

loads over the cross-section height, the stress distribution will also be more or less uniformly distributed

over the concrete cross-section height, visualised in 3.8.

Figure 3.8: Stress distribution over cross-section height for different load cases for a TCC floor.

3.3. Change in behaviour for alternative reinforcement method
The primary focus of the reinforcement alternative is sustainability, while showing promising structural

performance when it comes to replacing the standard reinforcement. In addition the alternative should

be readily available for application. On top of that, the reinforcement alternative should not be too

expensive. To understand the influence of changing the reinforcement on these aspects, a baseline for

comparison should be clear.
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3.3.1. Change in environmental impact
Some of the alternatives in chapter 2 required a change in concrete mixture. The altered concrete mix

would then contain plasticizer, less aggregates and more cement. An increased cement content will not

only lead to increased environmental impact, but also to increased shrinkage. This increased shrinkage

should be considered when checking crack widths in the concrete.

3.3.2. Change in structural behaviour
Changing the reinforcement can have multiple possible impacts on the behaviour of the floor system.

Firstly, the concrete could change when it comes to characteristic values: tensile strength, compressive

strength, E-modulus, Poisson’s ratio and density, including reinforcement [52]. Depending on the

alternative chosen, this could either increase or decrease.

The change in the concrete’s characteristic behaviour could then influence the following: the stiffness of

the connection between concrete and timber, the total stiffness of the cross-section, the creep coefficient

and the dead-load due to concrete [72].

Beyond the mechanical characteristics changing, the area over which the reinforcement works also

changes. In the original design the tensile stresses are distributed by the area of steel in the governing

cross-section. If for example fibre reinforcement is used, the tensile stresses will be taken by the whole

height of the cross-section, as the reinforcement will be distributed over this whole area. The incision to

prevent hogging bending moments should then not be neglected, as this will limit the cross-sectional

height over which the tensile forces can be redistributed. The cross-sectional height for the diaphragm

action will then be 85 mm instead of the full 100 mm of the concrete layer.

It also worth noting that under the expected loading for which the reinforcement is verified, a more

uniformly distributed reinforcement could be beneficial. Thus removing ’spikes’ of high concentration

as would be present in the case of steel reinforcement bars, see figure 3.8, as all of the tensile stresses

need to be redistributed by small areas versus over the whole cross-section height.

3.3.3. Change in design of cross-section
As mentioned previously the height of the concrete layer is determined by a multitude of design

objectives the main ones being:

• Minimising vibrations by increasing system weight.

• Minimising crack width to prevent ingression of harmful substances and for aesthetics.

• Ensuring sufficient resistance to acting loads.

The change of reinforcement will impact these objectives. For example, if another material is chosen,

with less sensitivity to harmful substances the concrete cover can be reduced and the allowable crack

width can be increased as it will be mainly based on aesthetics. However, a reduction of concrete depth

will also lead to a decreased weight and make the slab more susceptible to vibrations and a decreased

stiffness.

So in a design with less concrete height, which would be more sustainable, the vibration response and

sag of the system should be checked. These checks however are left out of scope and a comparison of

the same cross-sectional heights as the original design is made.

3.4. TCC floor environmental impact analysis
3.4.1. Impact of original floor design
The floor spans 7.7 meters for the timber, 8.1 meters for the reinforcement and the concrete and has a

width of 2.4 meters, using the material data provided by the original calculations, the material volumes

and/or weights are calculated to match the functional unit of the EPD’s, as can be seen in table 3.2.

The beams at the edges, over which the concrete layer continues are kept out of scope. As in further

analyses, the concrete layer is kept continuously, this ’extra’ bit of span is taken into account with the

GWP computations of a floor slab in this section.
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The CLT is calculated as a continuous slab with the total span of the floors. The notches/grooves are

located as seen in 3.5 and have the same depth as mentioned, reducing the heigh of the CLT slab at the

location of the grooves by 30 mm. Using this information the volume is calculated and subsequently the

GWP can be seen in table 7.3.

The reinforcement in the concrete slabs can be calculated based on their diameter and spacing, which

are 6 mm and 150 mm respectively. Using the density of the material together with the computation of

the volume per floor slab leads to the GWP as shown in table 7.3.

The total volume of concrete is computed by assuming a 100 mm height all over the floor slab, with an

increase of volume in the notches. This increase is equal to the depth times the length and width of the

grooves minus the total volume of notches in the grooves.

Some materials have a set EPD, as does concrete. However, in a part of the study later in this thesis

in chapter 7, the admixture of concrete and its material ratio’s will be altered. To ensure a concise

computation, the ratio’s for a concrete mixture of class C30/37 have been used for the quantities [74].

The computation of the GWP in life cycle stages A1-A3 is then based on values from EPD’s of these

individual materials present in the concrete mixture. The final value of the GWP of the concrete used is

then based on sum EPD’s and the ratio’s of materials. The computation of this can be found in table 3.1

[74–77].

The GWP of this mixture is equal to 123.77 kg 𝐶𝑂2 eq/𝑚3
of concrete. The total density of the concrete

with this mix is found to be 2325 kg/ 𝑚3
, the sum of kg material per 𝑚3

of concrete.

Table 3.1: Computation of the GWP value for life cycle stages A1-A3 for concrete class C30/37 [74–77]

Component kg 𝐶𝑂2 eq/ func unit Amount[kg]/ kg 𝐶𝑂2 eq/

func unit 𝑚3
concrete 𝑚3

Cement (Hoogovencement 364.00 metric tons 330 0.364·330 =

120.12

CEMIII - 42.5 N)

Stone (River stone) 1.74 metric tons 1070 1.74E-3·1070

= 1.8618

River sand 2.39 metric tons 750 2.39E-3·750 =

1.79

Water - - 175 -

Total 368.13 metric tons 2325.00 123.77

The screws in the notches have been divided into three parts in the volume calculations: head, shaft and

thread. All three part have different dimension and to calculate the total volume of one dowel, these

separate parts have been calculated first.

For the total amount of screws, the number of screws per notch has been taken from the case study TCC

calculation sheet. This resulted in the following amount per notch, considering a slab width of 2.40

meters:

• Notch 1 & 8: 10.0 dowels/m = 24.0 dowels

• Notch 2 & 7: 8.0 dowels/m = 19.0 dowels

• Notch 3 & 6: 6.7 dowels/m = 16.0 dowels

• Notch 4 & 5: 3.3 dowels/m = 7.0 dowels

The total amount of dowels is thus equal to 132 dowels used in a type 1 floor slab. Floor type 1 can be

found in chapter 3, figure 3.4. According to the producer (Rothoblaas), one screw of the type KOP16200

weighs roughly 0.264 kg. Using this weight results in a total weight of the screws of 34.848 kg. It is

worth noting that not all materials have a volume as their functional unit, thus the mass of materials is

also calculated and shown in table 7.2.
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Table 3.2: Material volumes from the case study

Material Length [m] Width [m] Height [m] extra notes Volume [𝑚3
]

Notches 0.15 2.40 0.03 Total of 8

notches over

floor type 1

8.64 E-2

CLT 7.70 2.40 0.20 minus the

notch volume

3.69

Concrete 8.1 2.40 0.10 plus the notch

volume, minus

the dowel head,

plus shaft vol-

ume

2.03

Material Diameter

[m]

Length [m] Spacing [m] nr of ele-

ments

Volume

[𝑚3
]

Steel Reinforcement mesh 0.006 2.40 0.15 7.7/0.15 = 3.46 E-3

(spans width) 51.33 ≈ 51

Steel reinforcement mesh 0.006 7.70 0.15 2.4/0.15 = 3.48 E-3

(spans length) 16.00

Steel Reinforcement mesh (total) 6.94 E-3

Table 3.3: Material quantities from the case study

Material Density [𝑘𝑔/𝑚3
] [78–80] Volume [𝑚3

] kg

CLT 420 3.69 1516.03

Concrete 2325 2.03 4720.68

Reinforcement steel 7850 6.94E-3 54.48

Dowels - - 34.848

Material kg 𝐶𝑂2 eq/f.u.
5

f.u. quantity kg 𝐶𝑂2 eq/𝑚2

CLT carbon capture -762 3.61 m
3

-148.84

CLT no carbon capture 54 3.61 m
3

10.55

CLT - total -708 3.61 m
3

-138.29

Concrete - reg cem 123.77 1.92 m
3

13.60

Reinforcement steel 1372.5 54.48 kg 4.05

Dowels 6.88 34.85 kg 12.97

Table 3.4: GWP
4

per 𝑚2
floor - case study

With an overview of the material quantities, functional unit, GWP per functional unit, the GWP for life

cycle stages A1-A3 per square meter of floor slab can be found in table 3.4. The total area of a floor slab

type 1 is equal to 18.48 𝑚2
.

From table 3.4 the total GWP for one square meter of TCC floor, type 1, is equal to -120.02 kg 𝐶𝑂2 eq.

The contribution of the separate materials to the equivalent CO2 emissions are visualised in figure 3.9 .

The inclusion of carbon capture leads to a negative overall percentage and GWP for life cycle stages

A1-A3. What is interesting to note, is that when the carbon capture is excluded from the analysis, the

emissions from the CLT slab would be larger than that of the reinforcement.

4
GWP for life cycle stages A1-A3

5
f.u. = functional unit
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Figure 3.9: Contribution to equivalent 𝐶𝑂2 emissions of materials per square meter of TCC floor slab for regular cement.

What further stands out is the contribution of the reinforcement to the overall GWP value, it is the

smallest out of all components whereas the contribution of the dowels is the largest and over 3 times

that of the reinforcement. This stands out as the total amount of the reinforcement (in kg of material) is

almost twice as large as the dowels.

Impact of changed concrete admixture
The impact of a reinforced concrete element is largely due to the cement in concrete, as is shown

in the previous section. It could be of interest to minimise the influence of the cement on the total

environmental impact of the total TCC floor slab to analyse the influence of changing the reinforcement

in later chapters.

In this case eco2cem is used as an alternative, where it can be employed replacing up to 50 % of cement

to ensure a cement class of 42.5N [81]. For this reason 50 % of cement was replaced for the GWP

calculations.

Table 3.5: GWP
4

per 𝑚2
floor of the case study

Material kg 𝐶𝑂2 eq/f.u.
5

f.u. quantity kg 𝐶𝑂2 eq/𝑚2

CLT carbon capture -762 3.61 m
3

-148.84

CLT no carbon capture 54 3.61 m
3

10.55

CLT - total -708 3.61 m
3

-138.29

Eco2cem 69.31 2.03 m
3

7.62

Reinforcement steel 1372.5 54.48 ·10
−3

kg 4.05

Dowels 6.88 34.85 kg 12.97

For the eco2cem variant the total GWP for one square meter of TCC floor, type 1,is equal to -133.21 kg

𝐶𝑂2 eq. The contribution of the separate material is visualised in figure 3.10.
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Figure 3.10: Contribution to equivalent 𝐶𝑂2 emissions of materials per square meter of TCC floor slab for eco2cem.

Compared to the regular cement, the partial eco2cem cement replacement leads to a reduction of

emissions of the concrete of 44%, 5.67 kg CO2 equivalent per square meter of TCC floor slab. This

leads to a decrease of overall contribution of the concrete of 4 % and an increase of contribution of the

reinforcement of 1%, when looking at the whole floor slab.

3.5. Checks for design objective
In the original design by Arup, the TCC slab was also verified. In this section the checks of the previously

defined objectives are given.

3.5.1. Crack width
In the original design the crack width was not computed as it was assumed that no tensile stresses were

present at the ULS in the concrete layer of the cross-section. Only a table from the Eurocode was used to

determine the minimum required steel mesh. This minimum should be in line with the minimum crack

width of 0.4 mm [47]. The choice for reinforcement mesh can be seen in figure 3.11. As the smaller

diameter is not standard in the Netherlands, the mesh with a 6 mm diameter and 150 mm spacing was

chosen in the original design.

Figure 3.11: Eurocode 5 design table 9.1 for minimum reinforcement [67]
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3.5.2. Diaphragm action
In the original design a SCIA model was made of the floor to model the stress distribution due to the

horizontal windload. The windload was equal to 5 kN/m, which resulted in a maximum internal

force in the X-direction and the Y-direction of 82 kN/m at the corners of the core. The capacity of the

reinforcement mesh was also stated to be equal 82 kN/m. It was assumed to be sufficient due to the

presence of the secondary reinforcement bars of 25 mm diameter. These bars were discussed in the

robustness and were stated to have a capacity of 213 kN, which would be sufficient. Figures of the SCIA

model results can be found in figure 3.12

(a) Internal forces in X-direction (b) Internal forces in Y-direction

Figure 3.12: SCIA model results for internal forces due to windloading



4
Multi Criteria Analysis (MCA) of

reinforcement alternatives

In Chapter 2, several reinforcement alternatives were identified. This chapter evaluates them using a

Multi-Criteria Analysis (MCA) to select the most promising option for structural modelling in Chapters

5 and 6. The alternatives are assessed against five predefined criteria, with scores assigned and weighted

based on their relative importance. The scoring and weighting methodology is explained, and a

sensitivity analysis is performed to test the robustness of the results. The highest-scoring alternative is

then modelled, and its environmental impact is analysed at the floor slab scale in Chapter 7.

4.1. Solution Alternatives
In this chapter the different alternatives studied are different types of fibre reinforcement. A total

of seven different fibre options are considered, based on the literature in section 2. The fibres have

been introduced in the literature review and showed promising performance in terms of sustainability,

strength and/or ductility. The fibres studied are as shown in table 4.1.

Table 4.1: Reinforcement alternatives and labels

Polypropylene (PP) Fibres A1

Glass Fibres A2

Carbon Fibres A3

Basalt Fibres A4

Natural Fibres A5 & A6

Steel Fibres A7

Basalt Fibre Reinforced Polymer (BFRP) bars A8

Standard Steel Mesh A9

In the following paragraphs they will be referred to as alternatives A1, A2, A3, A4, A5, A6, A7, A8 and

A9 respectively. A1-A4 and A7 are standard industry fibres; The natural fibres considered in A5 are

coconut/coir fibre; In A6 the fibres considered are hemp fibres; In A8 the BFRP rebars will be considered;

And in A9 the standard steel reinforcement mesh will be considered. The choice of comparison with

the original steel mesh is made to show potential benefits of replacing the steel mesh with another

reinforcement type.

4.2. Main criteria and sub criteria
To enable a balanced preliminary evaluation of the proposed reinforcement alternatives, four main

criteria have been defined: performance capability 𝐶1, environmental impact 𝐶2, buildability 𝐶3, and

30
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cost 𝐶4. The full overview of the considered criteria can be found in Appendix A.

The structural performance of each alternative is reflected by the performance capability criterion, which

estimates how effectively the reinforcement might perform. Practical feasibility is primarily addressed

through the buildability and cost criteria.

Together, these four criteria are intended to capture both the technical performance and the con-

textual feasibility of each alternative within the timber-concrete composite (TCC) floor system.

From all of the sub-criteria in appendix A in Figure A.1, the selection of sub-criteria used in this

research is shown in Figure 4.1.The scoring of these selected criteria can be found in 4.4. The criteria

assessed in a quantitative manner can be found in the figures in grey. In the following paragraphs, the

choice for and all the criteria and sub-criteria are explained in more detail. To evaluate the selected alter-

Figure 4.1: Overview of selected criteria

natives in a structured and transparent manner, each main criterion has been further specified through

a set of sub-criteria. These sub-criteria capture key performance, environmental, and implementation

aspects relevant to the reinforcement material within a TCC slab. Under performance capability, both

tensile strength and ductility are included to reflect the mechanical behaviour of the alternative, focusing

on its ability to withstand tensile forces and deform under load without failure. For the environmental

impact, global warming potential (GWP) is used as a quantitative indicator of the material’s carbon

footprint during early life cycle stages. Lastly, under buildability, the sub-criterion applications assesses

the practical feasibility of implementation by considering prior use, code availability, and the maturity of

research. These sub-criteria serve to translate abstract qualities into measurable or classifiable indicators

for comparison within the MCA framework.

4.2.1. Performance capability:
Performance capability evaluates the mechanical and durability properties of the alternative, including

its tensile strength, stiffness, fatigue resistance, and long-term stability within the composite system. It

also considers how well the alternative integrates with the TCC system to maintain composite action.

Due to its direct influence on structural integrity and system reliability, this criterion weighs highly.

Performance capability - Tensile strength (quantitative) – 𝐶11: One of the main functions of

the reinforcement mesh is to take up the tensile forces that are present in case of wind loads acting on

the building. The tensile strength of reinforced concrete is dependent on the tensile strength (yield

strength) of the reinforcement. As the tensile strength of the reinforcement material influences the per-

formance of the structure, this is chosen as an assessment sub-criterion. The alternative with the lowest

tensile strength will be considered the ‘worst’ and the highest tensile strength will be considered the ‘best’.
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Performance capability - Ductility (quantitative) – 𝐶12: One of the critical performance aspects

of reinforcement is its ability to undergo deformation without failure, especially under loading con-

ditions that induce cracking or large displacements. This behaviour is captured by the ductility of

the reinforcement, typically expressed in terms of maximum elongation or rupture strain. Higher

ductility allows the material to accommodate deformation and redistribute stresses after cracking, which

contributes significantly to the structural robustness and energy absorption capacity. As such, ductility

of the reinforcement material is chosen as an assessment sub-criterion under performance capability.

The alternative with the lowest rupture strain will be considered the ‘worst’, and the alternative with

the highest rupture strain will be considered the ‘best’.

4.2.2. Environmental impact:
This criterion assesses the overall ecological footprint of the alternative, considering embodied carbon,

energy consumption, pollution, and resource depletion across its life cycle. Sustainable sourcing, carbon

sequestration potential, and low-impact processing methods are prioritized. Given the increasing focus

on sustainability in construction, this factor holds substantial weight.

Environmental Impact - Global warming potential (GWP) (quantitative) – 𝐶21: Measures the partial

contribution of the alternative to climate change by quantifying the greenhouse gas emissions (𝐶𝑂2

equivalent) associated with its production. This excludes carbon emissions from raw material extraction,

energy-intensive manufacturing, and degradation over time, as a lot of the more innovative solutions

lack information past the A3 stage of the life cycle. Life cycle stages A1-A3 are considered in this

criterion, as seen in figure 4.2. For this sub-criterion, alternatives will be ranked based on their total

GWP (kg 𝐶𝑂2 equivalent per functional unit). Thus from EPD’s the GWP are taken as a comparative

value, a lower GWP indicates a more environmentally sustainable option. Using the reinforcement

ratio combined with the concrete admixture, the total GWP per 𝑚3
of concrete will be calculated. The

alternative with the highest GWP will be considered the ‘worst’ and the lowest GWP will be considered

the ‘best’.

Figure 4.2: Life cycle stages [39]

4.2.3. Buildability:
Buildability reflects the practicality and ease of implementing an alternative reinforcement within

a construction project. This includes factors such as the availability of the material, the complex-

ity of its manufacturing process, and whether it has been previously applied in similar structural

contexts. The presence of established design guides and standards further enhances buildability

by supporting reliable and consistent application. On-site considerations, such as ease of handling,

compatibility with existing construction methods, and potential impacts on equipment performance,
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also play a crucial role. Alternatives that are easier to produce, specify, and install with minimal dis-

ruption to standard workflows are favoured, making buildability a key criterion in the overall assessment.

Buildability - Applications (qualitative) – 𝐶31: Considers whether the material has been used a

reinforcement in a project or research before and if there are design guides in place for the specific

alternative. Six different categories are defined as follows:

• A) Widely applied, clear design codes in place and applied in compression zone as reinforcement

before;

• B) Widely applied, specific element codes in place and applied in projects in a similar manner

(compression zone to minimise crack width);

• C) Applied in concrete, different application from compression zone in (non) structural elements;

• D) Widely researched, for short term and long term behaviour;

• E) Relatively widely researched, one/two might be missing of the following: short term and long

term behaviour

• F) Not widely researched.

4.2.4. Cost:
The cost criterion accounts for the total financial impact of the alternative. A cost-effective alternative

must balance affordability with durability to minimize long-term expenses. Since cost efficiency is

crucial for large-scale implementation, this criterion receives significant weighting.

Cost - Reinforcement material cost (quantitative) – 𝐶41: Assesses the upfront expenses associ-

ated with material procurement and processing, from when the alternative would be ready to use in a

concrete mixture. Lower initial costs improve the economic feasibility of an alternative. In this analysis,

the cost indicated as initial cost is the initial material cost. The alternative with the highest initial ma-

terial costs will be considered the ‘worst’ and the lowest initial material costs will be considered the ‘best’.

4.3. Scoring methodology of the criteria
For the MCA a set of criteria will be drafted, these criteria will be weighted based on their importance.

Then the reinforcement alternatives will be scored on a scale from 0.00-100.00. Per criterion, the ‘best’

alternative will get a score of 100.00 and the ‘worst’ will score a 0.00. The alternatives in-between these

values will get a score, linearly interpolated between the ‘best’ and ‘worst’. The weights can be chosen

in various ways, especially if more than one sub-criterion is chosen to assess per main-criterion. The

final score per alternative is then the sum of the total scores per criterion, which is made up of the sum

of the weights multiplied by the score of that alternative in that criterion. The alternative that scores the

best over the most criteria will be chosen to model in chapters 5 and 6.

4.3.1. Scoring of the criteria
The criteria that will be used to assess reinforcement alternatives in this MCA are the similar to the ones

used by P.O. Akadiri et al. [82] . The criteria used in this chapter are slightly altered to fit the assessment

of fibres and BFRP. The main criteria will be assigned 𝐶1-𝐶5, and the sub-criteria will be assigned 𝐶𝑖 𝑗
where i is the main criterion and j is the sub-criterion number. The weights are attached in a similar

manner, indicated as𝑊𝑖 𝑗 . Resulting in the following formula to calculate the score per (sub-) criterion:

𝐶𝑖 = Σ𝑊𝑖 𝑗 · 𝐶𝑖 𝑗 (1)

𝐶𝑡𝑜𝑡 = Σ𝑊𝑖 · 𝐶𝑖 (2)
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4.3.2. Weights of criteria
The total scores of the alternatives will be determined by multiplying the weights per sub-criterion with

score, between 0.0 and 100.0, and then take the sum of the weighted scores. In this specific research, as

the main driver is sustainability, the environmental impact will be weighed as twice as important as

the performance capability, whereas the performance capability is taken as four times as important

as buildability and cost. The final weights per criteria are then𝑊1: 0.5,𝑊2: 1.0,𝑊3-𝑊5: 0.125. Within

performance capability the sub-criteria are weighted equally, as they are both valued as being equally

important to the performance capability. To not let this one criteria weigh heavier than the others, the

sub-criteria get a weight of 0.5, the sum of the two sub-criteria together is equal to 1.0.

The total scores will be a result of taking the sum of the weighted scores of the sub-criteria multiplied by

the weight of the main-criterion, as can be seen in formula 2 as seen in 4.3. The weight could be chosen

such that:

• All sub-criteria have the same weight, no weight attached to the main-criteria

• All sub-criteria have the same weight, plus weights attached to the main-criteria.

• Different weights for sub-criteria, in such a way that all main-criteria hold the same overall weight

- sum of the sub-criteria weights (of one main criterion) = 1.

• Different weights for sub-criteria and different weights for the main criteria.

In this analysis, different weights are assigned to both the main criteria and sub-criteria to account for

the imbalance, one criterion includes multiple sub-criteria, while the others have only one.

4.3.3. Scoring of sub-criteria
The scores of the sub-criteria 𝐶11, 𝐶12, 𝐶21 and 𝐶41 are determined by means of linear interpolation. The

linear interpolation for the separate sub-criteria is calculated as follows:

𝐶𝑖 𝑗 = (𝑥𝑖 − 𝑥𝑚𝑖𝑛)/(𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛) · 100 (3)

Where:

• 𝐶𝑖 𝑗 is equal to the score of the alternative i for a specific sub-criterion;

• 𝑥𝑖 is equal to the value of a specific sub-criterion for the alternative i;

• 𝑥𝑚𝑖𝑛 is equal to the minimum value of a specific sub-criterion;

• 𝑥𝑚𝑎𝑥 is equal to the maximum value of a specific sub-criterion.

This results in a score of 0.0-100.0 for each alternative in one criterion.

For sub-criterion 𝐶31, the scoring is dependent on the category it is classified as. In this sub-criterion the

scores are as follows: A) 100.0; B) 75.0; C) 50.0; D) 35.0; E) 15.0; F) 0.0. Where A-F can be found in 4.2.3.

For the selected sub-criteria, weights and scoring method, the scoring can be found in the following

paragraphs. In appendix D a sensitivity analysis of the weighing and scoring method has been

performed.

4.4. Determination of values of the alternatives
To support the multi-criteria analysis (MCA), a comprehensive inventory of relevant data has been

compiled for each proposed alternative. The following sub-paragraphs present the quantitative and

qualitative values used to evaluate the alternatives across all defined sub-criteria. These inputs form

the basis for the final MCA scoring and comparison, ensuring a consistent and transparent assessment

framework.

4.4.1. Polypropene fibres
Characteristic values:

• Tensile strength (MPa): 165-600 [83]

• E-modulus (GPa): 4.5 [83]

• Density (𝑘𝑔/𝑚3
): : 900 [83]
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• Rupture strain (%): 20 [83].

GWP: For PP-fibres GWP values of 2150 kg 𝐶𝑂2/tonne fibre (A1) and 2210 kg 𝐶𝑂2/tonne fibre (A2)

or 4600 kg 𝐶𝑂2/tonne fibre (A1) and 4570 kg 𝐶𝑂2/tonne fibre (A2) were found [84, 85]. The highest

value was used for this study as the lower value uses a negative carbon content in their packaging,

resulting in a lower GWP value, it is unclear how much this skews the data, thus the higher value is chosen.

Application: One main producers of PP fibres (sika) was found to have a global application of

their fibres, in this study only their projects in Europe are considered (UK, Iceland & Turkey included).

Roads are defined as outdoor slabs with vehicles driving over them for simplification of classification

(including harbour docks and train tracks). Tunnels, as classified, are made up of both traffic tunnels as

well as mining tunnels. It is noteworthy that outside of Europe, Australia had more projects using PP

fibre [86, 87]. Due to its wide application, multiple (verified) suppliers and the fact that there are no

clear design guidelines are in place, this variant is put in class B for buildability. An overview of the

applications can be found in table 4.2

Table 4.2: Application of PP-fibres in projects [86, 87]

Type of project Ground floors Walls Roads Tunnels

Nr. of times applied 2 1 10 6

Reinforcement material cost: For the PP fibres a cost of 5.25e/150 grams was found through the website

of the producer. This then results in a cost of 35,- e/kg [88]

Reinforcement ratio: General dosage recommendation: 0.5 – 2.2 kg/m3 [89]. An optimum dosage

of fibre around 0.1–0.5% by volume of mix is recommended for concrete to obtain a proper high

temperature resistance [90]. In 2015 M. Mohod showed that a fibre volume of 0.5% gave the best results

in a M40 concrete mixture (40 MPa cubic compressive strength) when it comes to the flexural strength

of the specimens. The fibre content of 0.5% is a content used in a multiple studies [91, 92].

4.4.2. Glass fibres
Characteristic values:

• Tensile strength (MPa): 2500 [83]

• E-modulus (GPa): 80 [83]

• Density (𝑘𝑔/𝑚3
): 2700 [83]

• Rupture strain (%): 5 [83]

GWP: According to a study by PWC in 2023, a GWP of 1240 kg 𝐶𝑂2 equivalent / tonne glass fibres was

found [93]

Application: The application of glass fibre reinforced concrete in existing projects was found to

be mainly on interior objects/structures (furniture, cladding, worktops, etc.) and façade panels [94–96].

Glass fibre has not been used on a big scale in floors and other thicker concrete constructions, the main

application is lightweight, thin concrete elements. The wide range of suppliers and projects do show a

reliable supply chain and consistent performance, thus the fibre will be classified as type C for buildability.

Reinforcement material cost: For glass fibres, the following cost was found 45.25 eper 5 kg. This then

results in 9.05 e/kg [97].

Reinforcement ratio: The glass fibre content is usually approximately between 0.1 – 1.5 % by vol-

ume depending on the application. For fibre content of 0.3 and 0.5 % this range performed better than

the no fibre, by reaching a higher ultimate compressive strength after 28 days [98, 99].
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4.4.3. Carbon fibres
Characteristic values:

• Tensile strength (MPa): 3000-7000 [100]

• E-modulus (GPa): 300 [83]

• Density (𝑘𝑔/𝑚3
): 1700 [83]

• Rupture strain (%): 1.5 [83]

GWP: For carbon fibre the following was found for the GWP equivalent emissions, 26700 kg 𝐶𝑂2 eq/

tonne fibre [101].

Application: No big scale applications could be found. At present, carbon fibres are primarily used in the

construction industry for structural repair and strengthening applications. While research indicates that

carbon fibre-reinforced concrete (CFRC) holds significant potential, its use as a reinforcement material in

concrete remains limited and is still undergoing development. In the literature, a lot of studies on carbon

fibre reinforcement can be found, both long- and short-term applications. Research into carbon fibre

reinforced concrete (CFRC) primarily focuses on enhancing mechanical properties, such as compressive

and flexural strength, while also addressing workability challenges and economic considerations for its

use in construction. Additionally, there is a strong emphasis on the need for further studies to determine

optimal fibre content and to understand the variations in properties due to different fibre and concrete

characteristics [102]. The wide range of research shows consistent performance, but the lack of appli-

cations indicates a lack of trust in the application, thus the fibre will be classified as type D for buildability.

Reinforcement material cost: The cost of carbon fibre was found to be in a range of 18.42 – 67.02

eper kg of fibres, the average of 42.72 e/kg fibres will be used [103].

Reinforcement ratio: A literature review from 2023 showed that research has looked into carbon

fibre percentages (volumetric) of 0.0-2.0 %, with the most frequently analysed value being 0.5 %. The

fibre content that resulted in the best 28 day compressive strength was 1 % , of roughly 45 - 70 MPa and

flexural strength of roughly 5 - 9 MPa [104].

4.4.4. Basalt fibres
Characteristic values:

• Tensile strength (MPa): 2600- 4840 [105–108]

• E-modulus (GPa): 80-115 [105–109]

• Density (𝑘𝑔/𝑚3
): 1850 - 2750 [105–109]

• Rupture strain (%): 1.2 - 5.6 ≈ 3.4 [106–108]

GWP: Literature shows a GWP of 398 kg 𝐶𝑂2 equivalent/tonne basalt fibre [110].

Application: No large scale applications. In the literature, a lot of studies on basalt fibre rein-

forcement can be found, both long- and short-term applications. According to Jiang et al. in 2014, most

research related to basalt fibre reinforcement in concrete is focused on basalt as fibre reinforced polymer

bars. Research into fibre reinforced concrete has focused on the general bending strength and flexural

modulus of BFRC and cementitious materials, pre-soaking of the fibres, durability of basalt fibres, the

long term performance, dynamic compressive strength, deformation, energy absorption capacity, and

the effects of basalt aggregates on compressive strength at high temperatures, focusing on performance

and durability characteristics. The wide range of research shows relatively consistent performance, but

the lack of applications indicates a lack of supply chain and trust in the application, thus the fibre will

be classified as type E for buildability [111–116].

Reinforcement material cost: For basalt fibre, a cost of 10.8 e/kg was found [117].

Reinforcement ratio: In general, basalt fibres in concrete have been studied at volumetric percentages

of 0.1 -1%. For M30 (C25/30) one paper showed at 0.1% similar compressive strength to no fibres
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whereas higher fibre contents resulted in worse performance. The flexural strength was found to be

maximum for different fibre lengths at 0.35%. All of these values were for 28 days after casting [109].

Other research found that the compressive strength was highest in a range of 0.1 - 0.3% of fibres, this

was equal to 58 MPa at 28 days after casting. Whereas the flexural strength was found to be highest at

0.2 and 0.5% of basalt fibres. The splitting tensile strength was found to be highest at 0.5% [105]. As the

concrete compressive strength is decisive for this specific application, the lower range of fibres is taken

to be considered [118].

4.4.5. Natural fibres - Coir
Characteristic values:

• Tensile strength (MPa): 158 [119]

• E-modulus (GPa): 4-6 [119]

• Density (𝑘𝑔/𝑚3
): 1150 – 1460 ≈ 1300 [119].

• Rupture strain (%): 27.5 [120].

GWP: For coir a GWP of was found 367 kg 𝐶𝑂2 eq/ tonne of fibre [121]. It is worth noting that this

is the value of pure coir, without an epoxy which will probably be needed to ensure the durability of

the reinforcement. Biobased epoxy and non-biobased epoxy differ greatly when it comes to GWP val-

ues, for a more detailed analysis, one would need to figure out how much is needed per tonne fibres [122].

Application: Coir was only found for decorative uses. Research on coconut (coir) fibre reinforce-

ment in construction primarily focuses on its mechanical properties, such as compressive and tensile

strength, crack prevention, and overall structural performance. Studies also investigate the material’s

thermal behaviour and potential for use in fibre-reinforced polymer composites. Despite promising

results, current applications are limited due to several challenges. These include reduced flowability

of concrete mixes, lower tensile and impact strength compared to other fibres, and poor fibre-matrix

compatibility. Additionally, concerns remain over the long-term durability of coconut fibres in harsh

environments, highlighting the need for enhanced treatment methods and processing techniques. The

lack of comprehensive durability data and a clearly defined optimal fibre dosage further limits its

broader structural application. Continued research is needed to overcome these barriers and fully

harness the sustainable potential of coconut fibre in construction [107, 123, 124]. Thus this fibre gets

placed in buildability category F.

Reinforcement material cost: Without the epoxy, the following was found for coir: 23.99 e/kg

[125].

Reinforcement ratio: Literature shows 1.5% increased the compressive strength slightly compared

to plain concrete, the split tensile strength, modulus of rupture and shear strength were increased

compared to plain concrete for 2%. The plain concrete compressive strength was roughly 21 MPa

[126]. Other research showed the best performance for 5 cm long fibres present as 1% of the volumetric

content. The compressive strength was roughly equal to 43 MPa. The toughness was the highest for 5

cm length, with 5% fibres, the splitting tensile strength was best for the 1%, with 7.5 cm fibres. For these

two categories, the 5 cm, with 1% performed better than the plain concrete. For the modulus of rupture

the fibre over 5 cm from a volumetric percentage of 3 performed better than plain concrete [127]. To be

able to model the fibre, as much data must be available as possible. As the data from Ali et al. (20212)

is more complete than that of Baruah et al. (2007), the latter volumetric percentage (with a focus on

compressive strength) will be chosen for the volumetric percentage of the fibres [126, 127].

4.4.6. Natural fibres - Hemp
Characteristic values:

• Tensile strength (MPa): 690 or 530 – 920, average: 700 [128]

• E-modulus (GPa): 15 – 70 [128]

• Density (𝑘𝑔/𝑚3
): : 1450 – 1520 [128]
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• Rupture strain (%): 2.8 [128]

GWP: The GWP of hemp can be split into carbon capture and emissions of the processing. These are

equal to -1.84 kg 𝐶𝑂2/kg hemp and 113 kg 𝐶𝑂2 eq/ tonne fibre, respectively. The total GWP per

tonne fibre then turns out to be 1720 kg 𝐶𝑂2 eq/ tonne fibre [129]. It is worth noting that this is the

value of pure coir, without an epoxy which will probably be needed to ensure the durability of the

reinforcement. Biobased epoxy and non-biobased epoxy differ greatly when it comes to GWP val-

ues, for a more detailed analysis, one would need to figure out how much is needed per tonne fibres [122].

Application: Hemp fibres have been primarily used in the form of hempcrete, a sustainable, lightweight,

non-load-bearing building material, commonly applied in interior and partition walls as well as insula-

tion. Research on hemp fibre-reinforced concrete (HFRC) focuses on improving mechanical properties

such as compressive strength, splitting tensile strength, and energy absorption capacity, alongside

durability aspects like water absorption, carbonation depth, and porosity. Efforts are also directed

toward optimizing mix designs and binder combinations to enhance overall performance. However,

several limitations persist. These include reduced compressive strength compared to conventional

reinforcements, variability in performance, and low tensile strength in unprocessed hemp. Addition-

ally, the lack of industrial infrastructure for effectively separating hemp fibres from shives hampers

consistency and scalability [130–133]. Balancing fibre content and density to achieve cost-effective yet

high-performing concrete remains a challenge, requiring further development to unlock hemp’s full

potential in structural applications, thus the fibre is placed in category F for buildability.

Reinforcement material cost: The cost of hemp is roughly 15 e/kg of fibre [134].

Reinforcement ratio: For hemp, a study looked at fibres contents of 0.0 - 1.0 % and it was found

the fibre content of 0.75% gave the best results. This gave a compressive strength of roughly 37 MPa and

failed at a flexural load of roughly 4.3 MPa [135].

4.4.7. Basalt fibre reinforced polymer (BFRP)
Characteristic values:

• Tensile strength (MPa): The strength of one BFRP bar of 6 mm in diameter is 1250 MPa [136]

• E-modulus (GPa): 55 [136].

• Density (𝑘𝑔/𝑚3
): 2.02 [136]

• Rupture strain (%): 2.3 [137]

GWP: The environmental impact of BFRP is roughly 2690 kg 𝐶𝑂2 eq/tonne BFRP; and roughly 5380 kg

𝐶𝑂2 eq/𝑚3
material [137]

Application: BFRP is a novel reinforcement type that has been used in a variety of applications.

However, a lack of standardized design methods will mean more uncertainties and/or testing of

specimens before it can be applied. The reinforcement alternative has proven itself as a possible steel

replacement, but there are some uncertainties, there is also a wide scale of research into the behaviour

of the material, so this alternative will be classified as class C [137, 138].

Reinforcement material cost: BFRP costs roughly 2.4 e/kg of material [137].

Reinforcement ratio: Research showed a total experiment ratio of 0.98 +/- 0.11 and 0.88 +/- 0.02

to result in acceptable behaviour in shear [139]. According to a technical data-sheet of a basalt fibre

rebar producer, a basalt rebar of the same dimensions as a steel rebar has a maximum tensile strength

that is over 2 times as large as the maximum tensile strength of a steel rebar [136]. This would equate to

a safety factor larger than 2. Thus a reinforcement ratio of the same value as the steel reinforcement

mesh would be adequate in this preliminary assessment.

4.4.8. Steel fibres
Characteristic values:
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• Tensile strength (MPa): 2000 [140]

• E-modulus (GPa): 210 [140]

• Density (𝑘𝑔/𝑚3
): 7800 [140]

• Rupture strain (%): 3.5 [83]

GWP: The fibres are made of 75-80 % of recycled steel, the equivalent 𝐶𝑂2 emissions are as follows:

1530 kg𝐶𝑂2 eq/tonne fibre (A2) [141].

Application: The first use of steel fibre concrete (SFC) dates back to the early 20th century. Since

then, significant experimentation, development of testing methods, and the creation of calculation

models have taken place. The regulations available in the Netherlands also date from this period. The

most well-known is the CUR Recommendation 111 ’Steel fibre Concrete Industrial Floors on Piles –

Dimensioning and Execution’ (hereafter referred to as CUR 111). Additionally, the CUR reports C245

’Steel fibre Concrete, Knowledge and Knowledge Gaps’ and C246 ’Steel fibre Concrete, Inventory of

Regulations’ are available.

Since then, the use, knowledge, and experience with steel fibre concrete have significantly increased.

However, regulations in the Netherlands have lagged behind, especially compared to neighboring

countries. Notable standards include the DAfStb-Richtlinie Stahlfasernbeton (Germany), fib Model

Code 2010 (international), and CNR-DT 204/2006 (Italy). The upcoming version of NEN-EN 1992-1-1

(Eurocode 2) will also include steel fibre concrete. Due to its wide application, multiple (verified)

suppliers and being undermined by the fact that there are no clear design guidelines in place, this

variant is put in class B for buildability [142–145].

Reinforcement material cost: According to the same supplier as the characteristic values, the costs of the

steel fibres is roughly equal to 975 e/ tonne of fibre - 0.975 e/kg fibre [140].

Reinforcement ratio: In the research from Holschemacher et al. (2010), concrete with a volumet-

ric percentage of 0.25% - 0.76 % was tested. Three different steel fibre types were tested in this research.

For one of these fibres, all the percentages increased the compressive strength of the specimen, with the

most increase for 0.76%, with a compressive strength of roughly 93 MPa. The tensile splitting was also

found to be highest for specimen with 0.76 % steel fibres. The post-cracking behaviour was also found

to be best for 0.76% steel fibres [146].

4.4.9. Steel mesh reinforcement
A detailed investigation into all the preliminary criteria has been performed and is summarised in B. In

this section, are given.

• Tensile strength (MPa): 400 - 600 ≈ 500[47]

• E-modulus (GPa): 200 [47]

• Density (𝑘𝑔/𝑚3
): 7800 [140]

• Rupture strain (%): 5 [136]

GWP: For A1-A3 the EPD of van Merksteĳn International B.V., accessed through the MRPI database,

gives the following value for the GWP per tonne of reinforcement steel mesh, 455 kg 𝐶𝑂2 equivalent/-

tonne of rebar mesh (made out of sustainably produced steel) [147]. For another rebar mesh, made of

virgin materials, the GWP is equal to 2320 kg 𝐶𝑂2 equivalent/tonne rebar mesh, accessed through the

International EPD System library [79]. The keywords steel mesh, with Product Category – Construction

Products, PCR – Being updated – Construction products (EN 15804 +A2), in the Geographical scope of

Europe were used to look for reinforcement mesh EPD’s [148]. For this analysis, the average of these

two GWP values will be used.

Application: Concrete reinforcement is a widely used application of steel as a component in the

construction industry with K. Kwon estimating a use of roughly 950 million tonnes in 2019 [48]. There

are design codes in place that ensure safe design of structures using steel reinforcement, the lack of

design codes for materials such as fibre reinforcement can make it difficult to apply them on a bigger
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scale in projects. Reinforcement steel has been used for over a century, with the first specifications related

to reinforcement steel dating back to the 1910’s [44]. In the Netherlands the first guidelines for quality

of steel rebar date back to 1968 and currently can be found in NEN-EN 10080 [45, 46]. The guidelines

related to designing with reinforcement steel can be found in Eurocode 2 for concrete structures [47].

Because of this wide applications and design standards in place, this alternative will be categorized as

class A.

Reinforcement material cost: The specific cost of reinforcement is dependent on the supplier. The

supplier for the reinforcement meshes in the DPG building is unknown, data for the price reinforcement

meshes has been taken from betonstaal [149]. From their website, the price per tonne of mesh is

roughly equal to e900.50 (assuming more than 30 meshes were used for the whole building, 1 mesh is

approximately 10 𝑚2
and the drawings show 1368.8 𝑚2

in rebar meshes) [149].

Reinforcement ratio: The volumetric reinforcement percentage has a set limit in reinforced con-

crete. For reinforcement bars this is equal to 0.04 Ac, which, if the concrete cross-section is considered to

be 100%, results in 4% maximum of reinforcement steel, according to Eurocode 2 section 9.2.1.1 [47]. In

the DPG floor type 1 the reinforcement ratio was found to be approximately 0.38%, as can be seen in

Appendix C.

4.5. Analysis of alternatives
Based on the previously defined criteria and compiled data, the multi-criteria analysis (MCA) is carried

out in this section. Each alternative is evaluated against the selected sub-criteria using the assigned

weighting, next paragraph, and scoring system. The resulting scores are then used to compare the

overall performance of the alternatives, allowing for a balanced assessment of structural capability,

environmental impact, buildability, and cost within the context of a TCC floor system. In table 4.3

an overview of all the values used for the scoring can be found. A sensitivity analysis of the scoring

method can be found in Appendix D.

Table 4.3: Used values for scoring

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Tensile strength (MPa) 𝐶11 383.50 2500.00 5000.00 3720.00 158.00 700.00 1250.00 2000.00 500.00

Rupture strain (%) 𝐶12 20.00 5.00 1.50 2.78 27.50 2.80 2.30 3.50 5.0

GWP- regular cement (kg

𝐶𝑂2 eq/𝑚3
of concrete) 𝐶21 217.40 213.05 471.60 202.60 203.23 179.80 156.91 288.46 177.40

GWP- eco2cem (kg

𝐶𝑂2 eq/𝑚3
of concrete) 𝐶21 135.22 130.85 389.56 119.76 121.52 97.89 97.55 206.55 118.05

Buildability Category 𝐶31 B C D E F F C B A

Cost(e/𝑚3
of concrete

reinforcement) 𝐶41 135.45 456.30 435.74 57.13 311.87 111.38 55.68 57.04 26.86

4.5.1. The scoring of the criteria
Performance capability
Tensile strength For this sub-criterion, the tensile strength of the materials is compared to each

other. The maximum value is 5000 MPa for carbon fibres and the lowest value is that of coir, with

158 MPa. In table 4.4 the values are given and the linearly interpolated scores, using formula 3, are given.

Ductility For this sub-criterion, the rupture strain/maximum strain of the materials is compared
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Table 4.4: Tensile strength of alternatives [47, 83, 100, 105–108, 119, 128, 136, 140]

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Tensile strength (MPa) 383.5 2500 5000 3720 158 700 1250 2000 500

Score 𝐶11 4.66 48.37 100 73.56 0 11.19 22.55 38.04 7.06

to each other. The maximum value is 27.5 % for coir fibres and the lowest value is that of carbon, with

1.5%. In table 4.5 the values are given and the linearly interpolated scores, using formula 3, are given.

Table 4.5: Ductility (strain) of alternatives [83, 106–108, 120, 128, 136, 137]

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Rupture strain/Maximum

elongation (%) 20 5 1.5 2.775 27.5 2.8 2.3 3.5 5

Score 𝐶12 71.15 13.46 0.0 4.9 100.00 5.00 3.08 7.69 13.46

Environmental Impact - GWP
For the GWP per alternative, the volumetric amount of reinforcement solution per 𝑚3

is multiplied with

the density of the solution to get to the amount of reinforcement in 𝑘𝑔/𝑚3
. This value is multiplied

with the equivalent emissions per kg of reinforcement solution to get to the emission for the alternative

applied in 1 𝑚3
of concrete. The emissions due to the concrete mixture are also taken into account,

by subtracting the volume, in percentages, from the total volume multiplying this with the density of

concrete and multiplying that with the emissions of the concrete mixture.

The equivalent emissions of the concrete mix differ for the fibres and the reinforcement bars, steel mesh

and BFRP, because for the fibres, the large aggregates are removed, plasticizer is added and the amount

of cement is increased.

Another distinction has been made to eliminate the impact of the different cement contents, thus

resulting in a comparison more based on the GWP values of the reinforcements and less on the concrete

(cement) of a structure. The values used for 1 𝑚3
regular concrete is taken as 123.77 kg 𝐶𝑂2 eq, for the

concrete using 50 % eco2cem 1 𝑚3
causes 69.31 kg 𝐶𝑂2 equivalent emissions [74–77, 150, 151]. For FRC

the regular cement concrete mix results in 188.21 kg 𝐶𝑂2 equivalent per 𝑚3
concrete. Whereas the 50 %

eco2cem concrete mix for FRC results in 105.69 kg 𝐶𝑂2 equivalent per 𝑚3
concrete [74–77, 150–153]. The

argumentation for the used ratios of materials in concrete, calculations of these values and an example

of how the values for scoring are calculated can be found in Appendix C.

Performing the calculations as shown in Appendix C then results in the values seen in table 4.6 and 4.7

for the resultant GWP for each alternative reinforcement.

Table 4.6: GWP of alternatives - regular cement [84, 85, 93, 101, 110, 121, 129, 137, 141, 147, 148]

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

GWP

(kg 𝐶𝑂2 eq/𝑚3
of concrete) 217.4 213.05 471.60 202.60 203.23 179.80 156.91 288.46 177.40

Score 𝐶2 80.78 82.16 0 85.640 85.28 92.72 100 58.19 93.49

Buildability - Applications
The classification of the alternatives are mentioned in section 4.3, the explanation per alternative is

given in appendix B. In table 4.8 an overview of these classifications and the scores as a result are given.
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Table 4.7: GWP of alternatives - eco2cem [84, 85, 93, 101, 110, 121, 129, 137, 141, 147, 148]

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

GWP

(kg 𝐶𝑂2 eq/𝑚3
of concrete) 135.22 130.85 389.56 119.76 121.52 97.89 97.55 206.55 118.05

Score 𝐶2 87.10 88.60 0.00 92.39 91.79 99.88 100 62.67 92.98

Table 4.8: Buildability scores and classes [44–48, 86, 87, 94–96, 102, 107, 111–116, 123, 124, 130–133, 137, 138, 142–145]

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Buildability category B C D E F F C B A

Score 𝐶3 75.0 50.0 35.0 15.0 0.0 0.0 50.0 75.0 100.0

Cost - Reinforcement material cost
For the cost per alternative, the material cost for the reinforcement, per 𝑚3

of reinforced concrete, is

calculated and shown in table 4.9, an example of the calculations can be found in appendix B.

Table 4.9: Reinforcement costs [88, 97, 103, 117, 125, 134, 137, 140, 149]

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Cost (e/𝑚3
of

concrete reinforcement) 135.45 456.30 435.74 57.13 311.87 111.38 55.68 57.04 26.86

Score 𝐶4 74.71 0.0 4.79 92.95 33.63 80.32 93.29 92.97 100
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4.5.2. Total scores
The total score, using the weights per main-criterion and formulas 1 and 2, are shown in table 4.10 and

4.11. From tables 4.12 and 4.13, it can be seen that for both the normal concrete and the more sustainable

concrete, BFRP comes out on top, followed by either the regular reinforcement mesh or basalt fibre

reinforcement.

Table 4.10: Total scores of the normal concrete mix - calculations

𝑤𝑖 𝑤𝑖 𝑗 PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fi-

bre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Score 𝐶1𝑗 · 𝑤1𝑗 0.5 0.5 4.66 48.37 100.00 73.56 0.0 11.19 22.55 38.04 7.06

0.5 4.66 48.37 100.00 73.56 0.0 11.19 22.55 38.04 7.06

Score 𝐶2 · 𝑤2 1.0 1.0 80.78 82.16 0.00 85.64 85.28 92.72 100 58.19 93.49

Score 𝐶3 · 𝑤3 0.125 1.0 75.0 50.0 35.0 15.0 0.00 0.00 50.0 75.0 100.00

Score 𝐶4 · 𝑤4 0.125 1.0 74.71 0.00 4.79 92.95 33.63 80.32 93.29 92.97 100.00

Table 4.11: Total scores of the eco2cem concrete mix - calculations

𝑤𝑖 𝑤𝑖 𝑗 PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fi-

bre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Score 𝐶1𝑗 · 𝑤1𝑗 0.5 0.5 4.66 48.37 100.00 73.56 0.0 11.19 22.55 38.04 7.06

0.5 4.66 48.37 100.00 73.56 0.0 11.19 22.55 38.04 7.06

Score 𝐶2 · 𝑤2 1.0 1.0 87.10 88.60 0.00 92.39 91.79 99.88 100 62.67 92.98

Score 𝐶3 · 𝑤3 0.125 1.0 75.0 50.0 35.0 15.0 0.00 0.00 50.0 75.0 100.00

Score 𝐶4 · 𝑤4 0.125 1.0 74.71 0.00 4.79 92.95 33.63 80.32 93.29 92.97 100.00

Table 4.12: Total scores of the normal concrete mix

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Performance Capability 18.95 15.46 25.00 19.62 25.00 4.05 6.41 11.43 5.13

Environmental Impact 80.78 82.16 0.00 85.640 85.28 92.72 100 58.19 93.49

Buildability 18.75 12.50 8.75 3.75 0.00 0.00 12.50 18.75 25.00

Cost 18.68 0.00 1.20 23.24 8.40 20.08 23.24 25.00 23.32

Total score 108.84 96.14 17.47 108.79 101.93 104.66 121.95 82.80 120.89
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Table 4.13: Total scores of the eco2cem concrete mix

PP-

Fibre

Glass-

Fibre

Carbon-

Fibre

Basalt-

Fibre

Coir-

Fibre

Hemp-

Fibre

BFRP Steel-

Fibre

Steel

Mesh

Performance Capability 18.95 15.46 25.00 19.62 25.00 4.05 6.41 11.43 5.13

Environmental Impact 86.66 88.15 0.00 91.93 91.33 99.38 100 62.36 92.51

Buildability 18.75 12.50 8.75 3.75 0.00 0.00 12.50 18.75 25.00

Cost 18.68 0.00 1.20 23.24 8.40 20.08 23.24 25.00 23.32

Total score 124.2 109.86 29.97 124.88 120.48 113.34 125.16 94.63 122.48

4.5.3. Sensitivity analysis
To evaluate the robustness of the MCA, a comprehensive set of sensitivity analyses was conducted.

These analyses, detailed in Appendix D, examined how variations in scoring methodology, weighting

schemes, and input assumptions influenced the final outcomes. The objective was to determine whether

the main conclusions drawn from the base case remained valid under alternative modelling conditions.

Several interpolation techniques were tested, including linear, logarithmic, and exponential functions.

Each was applied in two variants: one transforming the raw input values and another transforming the

scores directly. Although the relative rankings of some alternatives fluctuated across these methods,

key options such as PP-fibres (A1) and FRP (A8) frequently emerged among the top performers. This

consistency suggests that their favourable ranking is not heavily dependent on the specific interpolation

technique used.

An alternative scoring method based on ordinal ranking was also explored. This approach assigned

ranks to alternatives rather than scores on a continuous scale. While this resulted in a narrower spread

of final scores, it still highlighted BFRP and basalt fibre as consistently high-performing options, thereby

reaffirming general trends observed in the main analysis.

The effect of altering the weight distribution among criteria was also investigated. Both sub-criteria and

main criteria were reweighted in various scenarios to reflect potential shifts in stakeholder priorities.

Although these changes led to some reordering of alternatives, regular steel mesh and PP-fibres remained

consistently strong performers. In some cases, coir and basalt fibres rose in rank, particularly under

weightings that favoured environmental or economic considerations.

To further assess ranking stability, certain alternatives were removed from the analysis. In particular,

high- and low-performing options such as BFRP and carbon fibre were excluded in different runs. This

led to some shifts in the overall rankings but reaffirmed the relative strength of regular steel mesh and

basalt fibre in both the reference cement and eco2cem environments.

Lastly, the sensitivity of results to small variations in input data was tested by expanding variable ranges

by ±10%. These adjustments had only a modest effect on the final rankings, demonstrating the resilience

of the MCA model to minor uncertainties in the input values.

Across all sensitivity scenarios, a full ranking comparison is provided in Table D.1 in Appendix D. The

results show that while individual scores may shift under different assumptions, the core findings remain

robust, particularly the favourable performance of FRP, PP-fibres, and regular steel mesh. Moreover, it

was observed that for most analysis methodologies, there was barely any difference in performance

between the regular cement and the eco2cem for both the best- and worst-scoring variant. This indicates

that the choice of binder had limited impact on relative material performance in the sensitivity scenarios

considered.

Figure 4.3 gives an overview of plots, representing the amount of times that variant was the worst or the

best for various analyses, with the regular cement in red and the eco2cem in green. Figure 4.4 gives an

overview of the spread of the scores per variant for regular cement and eco2cem separately.
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(a) Best scoring alternatives (b) Worst scoring alternatives

Figure 4.3: Scoring from different analyses, regular cement (dark blue) and eco2cem (light blue)

(a) Regular cement (b) Eco2cem

Figure 4.4: Spread of ranking of alternatives from different analyses methods, methods can be found in appendix D

4.6. Conclusion
This chapter evaluated and compared potential reinforcement alternatives for use in a TCC system, em-

ploying a MCA framework that considered structural performance, environmental impact, buildability,

and cost. The results of the MCA demonstrated sensitivity to the selected analysis method, scoring

system, and weighting factors, highlighting the critical importance of transparent and well-justified

parameter choices, as discussed in Appendix D.

Although the Basalt Fibre Reinforced Polymer (BFRP) alternative achieved the highest overall score,

it was excluded from final consideration due to findings in Chapter 3, which indicated a uniformly

distributed stress profile in the concrete cross-section. This stress distribution favors reinforcement

solutions that offer uniform dispersion, making BFRP less suitable for this specific application. Its

inclusion in the MCA primarily served to illustrate the potential of advanced fibre-reinforced polymer

options, especially given the absence of equivalent FRP variants for other fibres in the comparison.

With BFRP excluded, loose basalt fibre emerged as the most promising candidate, offering a well-

balanced performance across all evaluated criteria. Consequently, Alternative 4 – loose basalt fibre will

be carried forward for further investigation in this study, using a reinforcement ratio of 0.5%, as it was

the most frequently used fibre ratio. Thus answering the first sub-question: “Based on the functional roles
and requirements for reinforcement in TCC floor systems, which alternative reinforcement method and material is
most suitable for application using a multi-criteria analysis?”.

The next chapter will focus on assessing its structural behaviour through finite element modelling and

crack width analysis and its environmental impact is analysed at the floor slab scale in Chapter 7.



5
Crack width control

This chapter examines the serviceability performance of the concrete layer in Timber-Concrete-Composite

(TCC) floor slabs, with a focus on crack width control. The primary objective is to evaluate how well the

reinforcement strategies developed through the multi-layered Multi-Criteria Analysis (MCA) in Chapter

4 perform when subjected to detailed serviceability checks. Crack width limits defined in Eurocode

2 serve as the benchmark for this comparison. Two complementary methods are used: a simplified

analytical approach applied to the original steel-reinforced design, and a detailed numerical simulation

using LS-DYNA (version 21.0). The analytical method provides a baseline estimate, while the numerical

model offers deeper insight into complex behaviours not captured by simplified calculations.

By comparing these approaches, the chapter assesses the validity and limitations of the MCA-based

reinforcement strategies. The numerical model is also validated against the analytical results, highlighting

its potential for more accurate serviceability predictions. The analysis is limited to the concrete top layer

of the TCC slab, with the timber-concrete interaction incorporated in the final simulation model. The

chapter concludes with a discussion on how reinforcement choices influence serviceability, emphasizing

the trade-off between analytical simplicity and numerical precision in structural design.

5.1. Shrinkage calculation
To analyse the crack width due to shrinkage, the shrinkage is first computed according to Eurocode 1,

chapter 3.1 [47]. According to formula 3.8 from the Eurocode, the total shrinkage 𝜀𝑐𝑠 deformation is

equal to the relative drying shrinkage 𝜀𝑐𝑑 plus the endogenous shrinkage 𝜀𝑐𝑎 [47].

The relative drying shrinkage 𝜀𝑐𝑑 can be computed using the following formula, 3.9 from the Eurocode

[47].

𝜀𝑐𝑑(𝑡) = 𝛽𝑑𝑠(𝑡 , 𝑡𝑠) · 𝑘ℎ · 𝜀𝑐𝑑,0 (5.1)

Where 𝜀𝑐𝑑,0 can be calculated using the following formula:

𝜀𝑐𝑑,0 = 0.85

[
(220 + 110 · 𝛼𝑑𝑠1) · exp

(
−𝛼𝑑𝑠2 ·

𝑓𝑐𝑚

𝑓𝑐𝑚𝑜

)]
· 10

−6 · 𝛽𝑅𝐻 (5.2)

[47]

where:

𝑓𝑐𝑚𝑜 = 10.0 MPa

𝛽𝑅𝐻 = 1.55

[
1 −

(
𝑅𝐻

𝑅𝐻0

)
3

]
(5.3)

46
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𝛼𝑑𝑠1 = 4.0, 𝛼𝑑𝑠2 = 0.12

𝜀𝑐𝑑,0 is then found to be equal to 0.40 ‰. 𝑘ℎ can be found in Table 3.3 in Eurocode 1 and is equal to 0.85,

based on ℎ0 [47].

Thus,

𝜀𝑐𝑑(𝑡) = 0.34 mm/m at 𝑡 = ∞

The autogenous shrinkage 𝜀𝑐𝑎 can be computed using:

𝜀𝑐𝑎(∞) = 2.5 ( 𝑓𝑐𝑘 − 10) · 10
−6

(5.4)

[47]

This then results in:

𝜀𝑐𝑎 = 0.05 mm/m.

The total shrinkage is then equal to: 𝜀𝑐𝑠 = 𝜀𝑐𝑑 + 𝜀𝑐𝑎 = 0.34 + 0.05 = 0.39 mm/m. This value will be used

for computing the stresses due to shrinkage in the rest of this thesis.

5.2. Description analytical analysis
This section outlines the analytical approach used to estimate crack widths in the TCC floor slab at the

serviceability limit state. The method follows Eurocode 1 provisions for reinforced concrete, adapted to

account for the specific configuration of a timber–concrete composite system. The analytical calculations

serve as a benchmark for comparison with the numerical model, providing a simplified yet transparent

framework for evaluating reinforcement performance. In the calculations a concrete floor slab, with the

concrete dimensions of type 1, see chapter 3, is considered and analysed per meter in width. The values

used in these calculations can be found in table 5.1.

Table 5.1: Values used for shrinkage calculation

𝑓𝑐𝑘/ 𝑓𝑐𝑘,𝑐𝑢𝑏𝑒 (MPa) 30/37

Cement class N

E𝑐 (GPa) 30.00

f𝑐𝑚 (MPa) 38.00

f𝑐𝑚(t0) (MPa) 22.73

f𝑐𝑘(t0) (MPa) 14.73

f𝑐𝑡𝑚 (MPa) 2.90

f𝑐𝑡𝑚(t0) (MPa) 1.73

Time of loading 𝑡0 (days) 3.00

Age of start drying shrinkage 𝑡𝑠 (days) 3.00

Age of concrete at t = ∞ (days) ∞
Relative Humidity (%) 65.00

width - b - (mm) 1000.00

height - h - (mm) 100.00

Area of the cross-section of concrete A𝑐 (m
2
) 0.10

Circumference of the cross-section exposed to shrinkage - u - (cm) 100.00

h0 fictional thickness of the cross-section (mm) A𝑐/ u = 200.00

concrete cover - c - (mm) 66.00

E𝑠 (GPa) 200.00

Diameter (mm) 6.00

Spacing (mm) 150.00

A𝑠 (per meter) (mm
2
) 188.50

The distance from the top of the slab to the middle of the reinforcement - d - (mm) 66
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5.2.1. Eurocode method
Under serviceability limit state (SLS) there are some maximum values to adhere to, one of them being the

maximum crack width. In the Netherlands this value is equal to 0.4 mm for indoor concrete elements.

For elements under bending loading there is a minimum reinforcement that can be taken from tables,

where no computations are needed. These tables can be used only when there is no significant axial

tension. In the design of floor type 1,see chapter 3, there is no major axial tension under SLS loading,

just the tension due to shrinkage.

To compute the crack width, chapter 7 can be used from Eurocode 1 [47].

5.3. Description numerical model
The numerical analysis was carried out using a finite element (FE) model developed to simulate the

cracking of the TCC floor slab. The purpose of this model was to evaluate whether reinforcement is

capable of limiting crack widths caused by shrinkage strains. Without such a model, the thesis would

lack a proper validation of both the original design and alternative reinforcement layouts, and would

relying solely on conservative analytical calculations.

In contrast to the analytical crack width approach presented in the previous section, which represents

a lowest-level, conservative approximation, the FE model allows for a more detailed investigation of

crack development and stress redistribution. While analytical methods are safe but often overestimate

cracking, the FE model provides higher-fidelity predictions, enabling a more nuanced understanding of

slab behaviour under shrinkage strains.

This section first introduces the purpose and scope of the model, then sets out the assumptions and

simplifications made. Subsequently, the modelling environment, geometry, boundary conditions,

materials, and loading definitions are described. Finally, the key results are summarised and discussed

in relation to the research question.

5.3.1. Purpose and scope
The main objective of the FE model is to assess the performance of reinforced slabs compared to

unreinforced slabs with respect to crack formation. Specifically:

• To determine whether reinforcement is sufficient to limit crack widths caused by shrinkage strains.

• To complement the analytical calculations by providing a higher-resolution description of stress

redistribution.

• To serve as a validation step for the design assumptions in the case study.

Three slab configurations were analysed: an unreinforced concrete slab, a steel mesh reinforced concrete

slab and a basalt fibre reinforced concrete slab.

5.3.2. Core assumptions
To balance model complexity with computational efficiency, several key assumptions were adopted:

• Geometry: As the TCC top layer spans in two directions, the concrete slab is modelled as a

two-way spanning slab, simply supported along all edges. As the concrete slab is continuous

along both directions during the development of shrinkage, a cut out from the whole floor will be

restrained by the surrounding concrete. The restriction of deformation causes tensile strains to

develop.

• Reinforcement: The reinforcement is modelled as a composite layer with perfect bond to the

concrete; mechanical properties being equivalent values of both the concrete and the reinforcement

present in this layer. These equivalent values are based on the fraction of reinforcement in that

layer and computed for the layer by the software.

• Components excluded: Timber slab and grooves were not modelled; vertical loading and time-

dependent effects (creep, shrinkage evolution) were ignored. In the final model, the connection

between the two layers is represented by discrete beam elements (spring elements) with properties

aligning with those computed for the studied lay-out of the TCC floor slab.
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• Material: Material Type 172 from LS-DYNA’s catalogue was used, following Eurocode 2 formu-

lations. The material law captures concrete cracking in tension, crushing in compression, and

reinforcement yield, hardening and failure. The material is initially isotropic, represented with a

non-rotating smeared crack approach in tension and a plasticity model in compression.

5.3.3. Implementation in LS-DYNA
Software and modelling environment
All finite element simulations in this chapter were carried out in LS-DYNA (version 21.0). The software

was chosen for its ability to capture concrete cracking behaviour under imposed strains, offering robust

constitutive models specifically for reinforced concrete structures. The analysis was restricted to the

tensile stress response under shrinkage loading, without inclusion of creep, relaxation, or staged loading.

Geometry and layout
The model geometry is based on Floor Type 1 from the case study in Chapter 3. All slab dimensions,

reinforcement layout, and cover thickness were taken directly from the case study to ensure consistency.

This lead to a model of 100 mm thickness, 2.4 m wide and 8.1 m long. The mesh size used is the models

is 50 mm x 50 mm, this was found to relatively realisticly represent a cracking pattern in a concrete slab.

Boundary conditions
The slab was modelled as simply supported along its short and long edges, replicating a two-way

spanning system. Constraints were imposed to prevent rigid-body motion while still allowing realistic

flexural deformation by restraining the nodes along the edge. To avoid stress concentrations at the

corners, the nodes in the corners are thus not constrained.

In figure 5.1 the location and the boundary conditions on the slab can be seen. These are pinned in x,y

and z direction.

Figure 5.1: Locations of nodes for boundary conditions

Material model
The shell type used in this analysis is a fully integrated shell element to improve running time of the

model. Material Type 172 from the LS-DYNA material library was used for shell and Hughes–Liu beam

elements, which is the standard for discrete beams in the soft-ware. This material can represent plain

concrete, reinforcing steel, or a smeared combination of both. The following key features are included:

• Concrete cracking in tension (non-rotating smeared crack model
1
).

• Concrete crushing in compression (plasticity-based).

• Reinforcement yielding, hardening, and ultimate failure.

• Thermal sensitive concrete and steel.

1
The smeared cracking model ’smears out’ the cracking strain over an element, sticking to the pre-defined mesh size. As a

result, the localisation of the cracks is influenced by the material’s post-peak toughness [154].
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Material properties and governing equations were taken from Eurocode 2 (EC2). A simplified but

accurate response was obtained by specifying the following inputs:

• For plain concrete: 𝑅𝑂 (denisty [𝑘𝑔/𝑚3
]), 𝐸𝑇36 (Elastic modulus [Pa]), 𝐹𝐶 (Mean compressive

strength [Pa]), 𝐹𝑇 (Tensile strength [Pa]) and 𝐹𝐶𝐶 (actual compressive strength of concrete[Pa]).

• For reinforced concrete: 𝑌𝑀,𝑅𝐸𝐼𝑁𝐹 (Young’s modulus of reinforcement), 𝑆𝑈𝑅𝐸𝐼𝑁𝐹 (ultimate stress

of the steel), 𝐹𝑅𝐴𝐶𝑅𝑋 and 𝐹𝑅𝐴𝐶𝑅𝑌 (reinforcement fractions in 𝑥- and 𝑦-directions).

• For the thermally induced strain; the thermal expansion coefficient for both materials is taken as

that of concrete; 10 e-6 [1/K]. Both materials have the concrete thermal expansion coefficient, as

the shrinkage load is introduced as a thermal load.

The material was modelled as a composite with several layers of the mentioned material models. A

visual representation of the resulting layers can be found in figure 5.2.

Figure 5.2: Cross-section of the model with dimensions

The slab is split up into 8 layers the top four layers are made up of concrete in each model, with a

thickness of 0.0126 m, the fifth layer is the reinforcement layer in the models in which reinforcement is

present and is made up of one layer of spread out reinforcement (reinforcement ratio of 0.0157 in both x

and y direction), with a thickness of 0.012 m. Finally, the bottom is split up into two layers of 0.0125 m

out of concrete for each model.

For the fibre reinforcement the following values were used, with the f𝑐𝑘 being derived from the Eurocode

as f𝑐𝑘 = f𝑐𝑚 -8 MPa [47]. According to one piece of research the following inputs for the models are

found [155] and can be seen in table 5.2

Table 5.2: Mechanical properties used for modelling of fibre reinforcement

Reinforcement Ratio (% of volume) 0.5

Fibre length (mm) 12

Compressive strength (MPa) 68

Tensile strength (MPa) 3.35

Flexural strength (MPa) 5.75

E-modulus (GPa) 44.5

The rupture strain and Poisson’s ratio was taken the same as unreinforced concrete, even though sources

mention an increase in strain, they did not mention the value or rate of increased strain.

Mesh size and elements
Shell elements were used for the concrete layer, and the reinforcement bars. A uniform mesh of

50 × 50 mm was applied across the slab. This provides consistent resolution of shrinkage-induced

stresses while keeping the computational time manageable.

The connection between the concrete layer was represented by implementing discrete beams along the

axis of the notches. The discrete beams are spring elements with a linear spring stiffness. These values

were found in the documentation of the original design as 𝐾𝑠𝑒𝑟,𝑥 = 150000 N/mm and 𝐾𝑠𝑒𝑟,𝑦 = 1 N/mm,

and used in the design.



5.4. Analytical analysis Calculations 51

Loading
Shrinkage was modelled through a thermal analogy. An imposed temperature drop Δ𝑇 was applied

such that the resulting thermal contraction equal to the shrinkage strain:

Δ𝑇 =
𝜀
𝛼

(5.5)

where 𝛼 is the thermal expansion coefficient of concrete (1 · 10
−5 ◦

C
−1

). This method enabled shrinkage

strains to be applied consistently across the slab without explicitly modelling time-dependent evolution.

The load is slowly increased, as LS-Dyna is a dynamic modelling software, to prevent sudden spikes

in stresses and unexpected behaviour. Additionally, damping was introduced to minimize excessive

dynamic responses, complementing the incremental loading strategy.

5.4. Analytical analysis Calculations
This section presents the step-by-step analytical calculations for estimating crack widths. The procedure

includes the determination of tensile stresses, reinforcement strain, and crack spacing, following

Eurocode 2 guidelines. The calculations provide a baseline for evaluating the adequacy of reinforcement

in controlling crack development under service loads. According to Eurocode 1, chapter 7.3.4, the

formula for the total crack width is as follows:

𝑤𝑘 = 𝑠𝑟,max (𝜀𝑠𝑚 − 𝜀𝑐𝑚) (5.6)

where:

𝑠𝑟,max maximum crack spacing;

𝜀𝑠𝑚 average strain in the reinforcement under the applied loading, including the effect of prescribed

deformation and accounting for tension stiffening. Only strain relative to the zero strain of the

concrete at the same level is considered;

𝜀𝑐𝑚 average concrete strain between cracks.

The difference 𝜀𝑠𝑚 − 𝜀𝑐𝑚 can be computed as:

𝜀𝑠𝑚 − 𝜀𝑐𝑚 =

𝜎𝑠 − 𝑘𝑡
𝑓𝑐𝑡,𝑒 𝑓 𝑓

𝜌𝑝,𝑒 𝑓 𝑓
(1 + 𝛼𝑒𝜌𝑝,𝑒 𝑓 𝑓 )

𝐸𝑠
≥ 0.6

𝜎𝑠
𝐸𝑠

(5.7)

where:

𝜎𝑠 tensile stress in the reinforcement, assuming the cracked cross-section:

𝜎𝑠 =
𝑀

𝐴𝑠 · 𝑧

Where:

• M is the moment causing tension in the reinforcement;

• and z is the lever-arm of the moment.

• and x is the height of the concrete compressive zone

𝑧 = 𝑑 − 𝑥

𝛼𝑒 ratio of steel to concrete modulus:

𝛼𝑒 =
𝐸𝑠

𝐸𝑐𝑚
(5.8)
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𝜌𝑝,eff effective reinforcement ratio, defined as

𝜌𝑝,eff =
𝐴𝑠

𝐴𝑐,eff

with effective height under tension 𝐴𝑐,eff, using b and h𝑐,eff where

ℎ𝑐,eff = min

(
2.5(ℎ − 𝑑), ℎ − 𝑥

3

,
ℎ

2

)
(5.9)

𝑘𝑡 factor depending on load duration:

• short term: 𝑘𝑡 = 0.6,

• long term: 𝑘𝑡 = 0.4.

𝑘𝑡 factor depending on load duration:

• short term: 𝑘𝑡 = 0.6,

• long term: 𝑘𝑡 = 0.4.

𝑠𝑟,𝑚𝑎𝑥 , the maximum spacing between cracks, using the concrete cover 𝑐, can be calculated as follows:

𝑠𝑟,max = 𝑘3𝑐 +
𝑘1𝑘2𝑘4 𝜙

𝜌𝑝,eff

(5.10)

For the calculation of the height of the concrete compressive zone, formula 4.37 from Concrete Structures
under Imposed Thermal and Shrinkage Deformations: Theory and Practice (2011) is used [156]. The formula is:

𝑥 = 𝑑 ·
[
−𝛼𝑒𝜌1𝛼𝑡𝑠 +

√(
𝛼𝑒𝜌1𝛼𝑡𝑠

)
2 + 2𝛼𝑒𝜌1𝛼𝑡𝑠

]
(5.11)

In the crack it holds:

𝛼𝑡𝑠 = 1, 𝛼𝑒 =
𝐸𝑠

𝐸𝑐
=

200 · 10
3

30 · 10
3

≈ 7, 𝑑 ≈ 66 mm, 𝜌𝑙 =
𝐴𝑠

𝑏𝑙
= 0.00188 (5.12)

This then results in:

𝑥 = 9.67 mm, ℎ𝑐,𝑒 𝑓 𝑓 = 30.11 mm, 𝐴𝑐,𝑒 𝑓 𝑓 = 30111.13 mm
2 , 𝜌𝑝,eff = 0.0063, 𝑧 = 68.48 mm.

Using the following formulas, the tensile stress in the reinforcement at cracking can be computed [156].

The formula for the flexural tensile strength 𝑓𝑐𝑡𝑚, 𝑓 𝑙 is:

𝑓𝑐𝑡𝑚, 𝑓 𝑙 = (1.6 − ℎ) 𝑓𝑐𝑡𝑚 > 𝑓𝑐𝑡𝑚 (5.13)

The formula for the cracking moment 𝑀𝑐𝑟 is:

𝑀𝑐𝑟 =𝑊 · 𝑓𝑐𝑡𝑚, 𝑓 𝑙 =
𝑏ℎ2

6

𝑓𝑐𝑡𝑚, 𝑓 𝑙 (5.14)

The formula for the steel stress directly after cracking is:

𝜎𝑠,𝑐𝑟 =
𝑀𝑐𝑟

𝐴𝑠
(
𝑑 − 𝑥

3

) (5.15)

The flexural tensile strength is found to be equal to 4.35 MPa and the cracking moment is equal to

7.25 kNm/m.
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In the case of shrinkage, the resulting stresses can be calculated as follows:

𝜎𝑠,𝑐𝑠 = 𝜀𝑐𝑠 · 𝐸𝑠 (5.16)

Table 5.3: Tensile stresses and the crack width according to Eurocode 1

𝜎𝑠 [MPa] 𝜀𝑠𝑚 − 𝜀𝑐𝑚 [mm/mm] s𝑟,𝑚𝑎𝑥 [mm] w𝑘[mm]

Cracking moment induced cracking scenario 561.62 0.00303 377.14 1.14

Shrinkage induced cracking scenario 78 0.000361 536.91 0.19

Table 5.3 shows that the crack width under the shrinkage strain is smaller than the crack width under

the cracking moment. With the crack width under the shrinkage induced stresses being equal to 0.19

mm. This would fulfill the requirements under the Eurocode requirements in the SLS (≤ 0.4 mm).

With 𝜀𝑐𝑠 = 0.39 mm/m 𝜀𝑐𝑡 = 0.12 mm/m, the strain due to shrinkage is larger than the maximum

tensile strain what the concrete can withstand. But the crack width of the shrinkage is smaller than that

of the cracking moment. This leads to the conclusion that the concrete undergoing shrinkage strain is in

the crack formation stage.

5.5. Results
The results section compares the outcomes of both approaches, providing insight into the advantages

and limitations of each. The findings are structured into two subsections:

5.5.1. Analytical approach
As mentioned previously. The strain due to shrinkage of concrete is found to be equal to 0.39 mm/m

which then results in a crack width of 0.19 mm and a crack spacing of 536.91 mm.

The concrete slab is found to be in the crack formation stage when analysed under shrinkage loading.

The maximum allowed crack width according to the Eurocode is 0.4 mm for indoors SLS-loading

conditions [47]. A unity check for the crack width according to the numerical approach would then be

0.48 < 1.0, thus the steel reinforcement mesh is determined to be sufficient.

5.5.2. Numerical approach
The numerical simulation outcomes are presented, including visualisations of crack development

and stress distributions. In Appendix E the model results used to validate the final models and the

development of the crack widths can be found. The program can compute the strain due to cracking

of the concrete, by multiplying the strain the element width (50 mm). The crack widths need to be

compared to a maximum crack width. The maximum crack width according to the Eurocode would be

0.4 mm, however literature suggests an allowable crack width for non-corrosion susceptive material to

be 0.7 mm for indoors applications [157].

Unreinforced concrete slab
The unreinforced slab shows better behaviour in terms of limiting the crack width for the model with

discrete beams, though the difference is very small.

(a) Shrinkage cracks at t=8.0, model without beams (b) Shrinkage cracks at t=8.0, model with beams

Figure 5.3: Resultants from LS-Dyna for model without reinforcement
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Steel mesh reinforced concrete slab
The resulting shrinkage cracks for time t = 8 seconds are shown in figure 5.4. It can be seen that the

cracks are more spread out over the slab and that the cracking width is smaller for the model version

with discrete beams. However, the value is bigger than computed using hand calculations.

(a) Shrinkage cracks at t=8.0, model without beams (b) Shrinkage cracks at t=8.0, model with beams

Figure 5.4: Resultants from LS-Dyna for model with reinforcement

Basalt fibre reinforced concrete slab
As can be seen in figure 5.5, the model with the beams perform better in terms of limiting the crack

width of the slab.

(a) Shrinkage cracks at t=8.0, model without beams (b) Shrinkage cracks at t=8.0, model with beams

Figure 5.5: Resultants from LS-Dyna for model with basalt reinforcement

5.6. Conclusion
The computed shrinkage according to the Eurocode, used throughout this chapter, was found to be

equal to 0.39 mm/m. The analytical approach, using formulas from the Eurocode showed a maximum

crack width of 0.19 mm. The models, under the same applied load also showed cracking. The

smallest crack width for this model, including the connection of the concrete to the timber slab was

for the non-reinforced model. The crack width for basalt concrete was larger than for the model

without reinforcement. Finally, the largest crack width was found to be for the model with steel mesh

reinforcement. The values can be found in table 5.4.

Table 5.4: Resultant crack widths for the different models

No reinforcement Steel mesh reinforcement Basalt fibre reinforcement

Crack width [mm], without beams 0.96 1.28 1.04

Crack width [mm], including beams 0.95 1.35 0.96

Both the steel mesh and basalt fibre reinforced models exhibited larger crack widths than the non-

reinforced model. This outcome can largely be attributed to the way reinforcement was incorporated

into the numerical model. For the steel reinforcement mesh, the reinforcement was modelled using

equivalent mechanical properties based on the reinforcement ratio, rather than as discrete bars. In reality,

steel bars are distributed throughout the concrete and directly take over tensile stresses once cracking

begins. This redistribution reduces crack widths and influences how cracks initiate and propagate. The

simplified modelling approach, which does not capture this discrete interaction, likely overestimates

crack widths. This is further supported by the significant discrepancy between the analytical and

numerical results.
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Similarly, the basalt fibre reinforcement model showed relatively large crack widths, which may be

due to the post-cracking behaviour of fibre-reinforced concrete. While fibres can enhance the tensile

strength of concrete, they also lead to higher tensile stresses at the moment of cracking. These stresses

must be immediately carried by the fibres, potentially resulting in wider cracks. Moreover, the model

treated the concrete slab as a continuous, homogeneous material, whereas in reality, the discrete nature

of fibres plays a crucial role in early crack development.

Therefore, the large crack widths observed in both reinforced models do not necessarily indicate that

steel mesh or basalt fibres are ineffective in controlling shrinkage-induced cracking. Rather, they

highlight limitations in the current modelling approach, which may not accurately capture the complex

behaviour of reinforced concrete under shrinkage. As the model uses a smeared cracking model, in

which crack width is heavily dependent on mesh-size. Which be critical for localisation of cracks and

development.

When comparing the results of the models and assuming that in the original design the reinforcement is

sufficient, a smaller crack width with the fibre reinforced model than the regular reinforced model can

be assumed. Thus the fibre alternative is deemed sufficient. But before applying in a real life scenario,

doing a physical test to confirm the shrinkage behaviour is advised. Thus concluding the answer for

the first part of the ’mechanical performance’ element of the second sub-question: “How does the most
suitable alternative reinforcement method and material compare to an existing case study design based on their
individual mechanical and environmental performances?”.

The second step of the comparison of the mechanical performance is preformed in the next chapter by

analysing the diaphragm action of the concrete layer in a TCC floor system.



6
Diaphragm action of the TCC floor

system

This chapter investigates the ultimate strength and structural safety of the Timber-Concrete-Composite

(TCC) floor slab under extreme wind loading conditions, with the primary aim of validating the

multi-layered Multi-Criteria Analysis (MCA) developed in Chapter 4. By comparing the MCA-derived

reinforcement alternative to the conventional steel mesh, the chapter tests whether the MCA method

can reliably guide reinforcement design under ultimate limit state conditions. Using consistent slab

geometry and loading configurations, both reinforcement strategies are modelled and analysed for their

stress distribution and tensile capacity.

The analysis is conducted through parametric modelling in Rhinoceros 3D and Grasshopper, with

structural simulations performed in GSA Oasys (version 10.2). This side-by-side comparison provides a

detailed-level verification of the MCA method, highlighting its strengths and limitations when applied

to real-world structural safety scenarios. The chapter ultimately assesses how well the MCA-informed

reinforcement performs under extreme loading, offering insights into its practical applicability and the

trade-offs between design innovation and structural reliability.

6.1. GSA model for a TCC floor systems
A numerical analysis was carried out using a finite element (FE) model to simulate the stress distribution

of different reinforcement materials under the same horizontal wind load. This section introduces the

modelling software and assumptions on which the models are based.

6.1.1. Purpose and scope
The main purpose of the models is to check if the capacity of the reinforcement is sufficient for the

applied wind loading. Specifically:

• To determine the stress distribution in different reinforcement material scenarios.

• To serve as a validation step for the design and multi criteria analysis assumptions.

Two different reinforcements were included in this analysis, the originally designed reinforcement mesh

and basalt fibre reinforcement. The only difference between these models is the stiffness of the concrete

layer. The tensile stresses are then compared between the different reinforcement materials maximum

tensile capacity.

6.1.2. Core assumptions
The model is constructed to balance the complexity with the computational efficiency, to achieve this,

several key assumptions were adopted:

• Mesh size of 150 mm x 150 mm

56
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• For the analysis, conform the original design, the concrete layer of the TCC ensures diaphragm

action (the timber part of the floor is left out of consideration).

• The only force action upon the floor slab is a horizontal wind force with a value of 5.01 kN/m

along the floor edge.

• Different parts of the building are completely disconnected.

• The concrete stability core walls are connected in a fixed manner.

• All beams and columns are connected in a pinned manner (not moment resistant).

6.1.3. Implementation in GSA and Rhino
Software and modelling environment
All finite element simulations in this chapter were carried out in GSA Oasys (version 10.2). Rhinoceros

3D (version 8) was used to generate the slab geometry, while Grasshopper served as the parametric

interface to efficiently transfer the model into GSA. Within GSA, the analysis was performed to evaluate

the stress distribution in both the longitudinal (x) and transverse (y) directions under horizontal wind

loading.

Elements and layout

Figure 6.1: Floor plan with beam annotations

The model uses several elements, the beam labels can be found in fig 6.1 the dimensions are noted in

table 6.1. The values for the stiffness stem from documents of the original project, used in the model for

the stability core. The steel used for the beams was S355 and timber class used was C24.
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Table 6.1: Values mechanical properties and dimensions used for the GSA model

Element E-Modulus (GPa) Dimensions

Floorslab normal reinforcement 31.25 h = 100 mm

Floorslab normal reinforcement 43 h = 100 mm [155]

Concrete core inside walls 3.8 t = 250 mm

Concrete core outside walls 10 t = 300

Concrete core inside beams 3.28 t = 250 mm

Concrete core outside beams 10 t = 250 mm

Concrete core floor slab 0.001 h = 250 mm

SL12 210 HEA 360A

SL13 210 HEA340A

SL14 210 HEA320A

SL19 210 HE240B + 440 x 15

HL01 13 260 x 750

HL02 13 400 x 450

HL03 13 520 x 750

A visual of the rhino model is shown in figure F.4. Figures of the seperate elements can be found in

appendix F.

Figure 6.2: Showcasing the rhino model of the floor slab studied in this chapter

All materials are modelled linear elastically. The model is split up in the beams, the floors and the

core. In this modelling software, when having adjacent elements are assumed to have perfect bonding.

It could be argued that this is not the case and a more detailed model would be needed to analyse

the influence of the connections on the stress distribution. This limiting factor needs to be taken into

account when analysing the different modelling methods.

Boundary conditions
The slab will not be loaded vertically and no weight will be added to the slab, accordingly no supports

in the z-direction were placed at the location of the columns.

As the floor redirects the forces to the stability core, the floor will be fixed at the base and top

of the core. A figure of the core in the model and its restraints can be found in Appendix 6.1. The floor

slabs and the beams are pinned to the core, allowing for rotation.
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Loading
The horizontal wind loading used in the case study is equal 5.01 kN/m (without load factor). The value

for the horizontal wind force used in the analysis is equal to 7.56 kN/m (with load factor).

6.2. Model analysis Results
The original design was checked for tensile stresses in both the x- and y-direction. For this analysis, first

the stress due to the ULS windloading are computed and then checked against the tensile capacity of

the reinforcement materials.

The SCIA model, shown in chapter 3, shows a maximum internal tensile force of 82 kN/m. This value is

used as a secondary validation of the capacity under ULS loading of the reinforcement methods.

6.2.1. Regular reinforcement
Figure 6.3 shows the 2D plots of the resultant internal forces due to ULS wind loading. The partial factor

for computing the unity check when assessing a steel member is equal to 1.15. Using the following

formula from the Eurocode, the maximum design tensile strength is then:

𝜎𝑠𝑡𝑑 =
𝜎𝑠𝑡
𝛾𝑠

=
500

1.15

= 435MPa (6.1)

(a) Nx(kN/m) (b) Ny(kN/m)

Figure 6.3: Showcasing the resultant internal forces from the GSA model

The maximum internal tensile force is equal to 44.73 kN/m. The reinforcement mesh, with a design

tensile capacity of 435 MPa and a total area of reinforcement of 188.5 𝑚𝑚2
, the total design tensile

capacity of the reinforcement mesh is found to be equal to 82.00 kN/m. This results in a unity check of

44.73/82.00 = 0.55 < 1.0. Thus the tensile capacity of the reinforcement mesh is not reached.

For the original maximum internal tensile force of 82 kN/m a unity check of exactly 1.0 can be found. A

unity check of exactly 1.0 is usually not deemed sufficient, which is solved by adding the capacity of the

secondary steel bars for stability to the steel area sued in the verification. This method would result in a

unity check way less than 1.0.

6.2.2. Alternative reinforcement
Figure 6.4 shows the 2D plots of the resultants internal forces due to ULS wind loading. According to

the fib, the partial factor for fibre reinforced concretes is equal to 1.5 [158]. The design tensile strength is

then:

𝑓𝑐𝑡𝑑 =
𝑓𝑐𝑘

𝛾𝐹
=

3.35

1.5
= 2.23MPa (6.2)
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(a) Nx(kN/m) (b) Ny(kN/m)

Figure 6.4: Showcasing the resultant internal forces from the GSA model for the basalt fibre reinforcement

The maximum internal tensile force is equal to 58.00 kN/m. The basalt reinforced concrete has a tensile

design capacity of 2.23 MPa and acts over a height of 85 mm, resulting in a tensile design capacity per

meter span of 189.55 kN/m. A unity check would then be 58.00/189.55= 0.31 < 1.0.

For the original SCIA model, an internal tensile force of 82.00 kN/m was found. Using that internal

force results in a unity check of 82.00/189.55 = 0.43 < 1.0.

Per meter span, the slab would have a tensile capacity larger than the occurring internal tensile forces

for both the GSA model and the original SCIA model.

Table 6.2: Resultant maximum internal forces from GSA

Regular C37/30 concrete Basalt reinforced concrete

Max positive Nx [kN/m] 46.63 47.66

Max positive Ny [kN/m] 59.02 61.75

6.3. Conclusions
From the previous paragraphs it can be concluded that both types of reinforcement would suffice under

the applied loading, especially when the extra reinforcement for robustness would be included. There

are higher internal forces found in the model using fibre reinforcement concrete material model, as

compared to the slightly lower internal forces in the model using steel mesh reinforced concrete. This

difference in internal forces is most likely due to the difference in E-modulus. A higher E-modulus for

the fibre reinforcement material model is likely to lead to a higher internal stresses and thus internal

force distribution. It is worth noting that there are some differences between the original model (made

in SCIA) and the model shown in this report (made in GSA). The main difference is most likely to stem

from the way that boundary conditions can be defined in SCIA versus GSA. Where in SCIA one can

define boundary condition along sides of slabs connecting to each other, in GSA bordering slabs are

considered to be connected in a fixed manner. This could explain the roughly 40 kN difference between

the SICA model results with steel reinforcement mesh and the GSA model of the same reinforcement type.

The values from the basalt fibre reinforced concrete might also need a more realistic representa-

tion, as the mechanical input values for the model are taken from one source of literature [155]. The

most complete source only contained high compressive strength concrete samples, which resulted in a

higher E-modulus compared to the concrete class used in the original design.

To conclude, when looking at the unity checks of the models, both smaller than 1.0, a lot smaller than

1.0, the reinforcement could be considered over designed for the application and loads applied in the

models. It is worth mentioning that there is a difference between the original design of Arup, where a

maximum of 82 kN/m was found. In this load case, the steel mesh would just suffice with a unity check

equal to 1.0. The basalt fibre would then have a unity check of 0.43, which would still be considered

an over design. However, as mentioned previously, basalt fibres have low ductility/a brittle failure

mechanism, so a low unity check is better. As without failure warnings, a low unity check indicates a

safe structure.
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In the next chapter, the floor system analysed here, primarily the concrete and reinforcement, is

assessed at slab level, including the timber, concrete, reinforcement, and connection, with a focus on

environmental impact. Potential design changes based on the observed overdesign are not considered

in this assessment. This concludes the analysis of the second research question: “How does the most
suitable alternative reinforcement method and material compare to an existing case study design based on their
individual mechanical and environmental performances?”.

The following chapter will analyse the environmental implications of the alternative reinforcement

method and material through a comparison of the global warming potential of the alternative with the

DPG design for the whole TCC floor slab.



7
Environmental Impact Analysis

This chapter presents a focused environmental assessment comparing the carbon footprint of the

conventional steel mesh reinforcement with the alternative proposed through the multi-layered Multi-

Criteria Analysis (MCA) in Chapter 4. While the MCA provided preliminary estimates, this phase

deepens the analysis using Environmental Product Declarations (EPDs) and supplementary literature

data. The comparison targets the Global Warming Potential (GWP) across life cycle stages A1–A3, which

include raw material extraction, transport, and manufacturing.

By quantifying the environmental impact of both individual materials and the complete Timber-

Concrete-Composite (TCC) slab system, the study contributes to a holistic framework for sustainable

structural optimisation. The findings aim to bridge the gap between theoretical modelling and practical

application, offering evidence-based strategies to reduce carbon emissions without compromising

structural integrity.

7.1. Methodology
7.1.1. Environmental indicator and life-cycle-stages used
A commonly used metric in the construction industry to assess the sustainability of materials and

systems is the carbon footprint or GWP [37]. Ideally, a comprehensive environmental assessment would

cover all life cycle stages defined in EN 15978 [39], including production (A1-A3), construction (A4-A5),

use (B1-B7), end-of-life (C1-C4), and potential benefits beyond the system boundary (D). However, for

the fibre alternative selected in this study, available data is limited to the production phase, represented

by life cycle stages A1-A3.

Therefore, the environmental assessment in this thesis focuses on the carbon footprint per square meter

of the TCC floor system in a cradle-to-gate approach, evaluating the GWP for the production stage only

[40] using data from EPDs, where available.

7.1.2. Qualitative assessment of non-assessed life-cycle-stages
As noted in the previous section, the quantitative environmental analysis in this chapter is restricted

to life cycle stages A1-A3 due to data limitations. Nonetheless, insights from literature and EPDs are

available for certain materials and elements beyond these stages.

To provide a more holistic perspective, this section presents a qualitative assessment of the remaining

life cycle stages (A4-D). This includes an evaluation of the potential impacts during construction, use,

and end-of-life phases, with particular attention to the interaction of materials during demolition and

recycling processes. While this discussion will offer indicative insights into the environmental behaviour

of the materials beyond the production phase, it will not provide quantified data.
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7.2. Environmental product declarations
For the environmental impact analysis of the TCC floor systems, the GWP of each material component

was assessed using EPDs. These EPDs quantify environmental impacts per life cycle stage according to

NEN-EN 15804:2012+A2:2019 for a defined quantity of material. The selection of EPDs was based on

their relevance to the Dutch market and representativeness of the materials used in the original and

alternative designs.

As a TCC floor is a composite system consisting of several materials, each produced and supplied by

different manufacturers using different methods, it is not possible to obtain all EPD data from a single

source. To ensure consistency and comparability, EPDs were sourced primarily from the same database

used by the Dutch National Environmental Database (NMD), the Milieu Relevante Product Informatie
(MRPI) database. Where necessary, these were supplemented with data from the International EPD

System, with the geographical scope limited to Europe to maintain regional relevance. This approach

ensures that variations in environmental impact reflect real differences between materials and scenarios,

rather than inconsistencies in data sources.

Cross-Laminated Timber (CLT) The EPD from Stora Enso [159] was selected, as the same supplier’s

data was used for the mechanical property inputs in the TCC floor calculations. This ensures consistency

between the structural and environmental modelling.

Stainless Steel Screws The EPD from Adolf Würth GmbH & Co. KG [160] was selected because

it closely aligns with the product specifications used in the structural design, making it a realistic

representation of the screws in the original TCC system. Using data from a well-established European

manufacturer ensures strong geographical relevance and reduces the risk of inconsistencies that might

occur with generic or non-regional datasets.

Concrete Mix Design The mix design follows the VOBN EPD for C30/37 concrete [74], which reflects

Dutch industry standards. The proportions of each constituent material were taken directly from this

EPD, while the GWP values for those materials were taken from the EPDs of the individual components.

This approach was chosen because the alternative reinforcement scenarios in this study use different

mix designs, with varying quantities of some materials. Using the same GWP dataset for each material

across all scenarios ensures fair and unbiased comparisons.

The additional components and aggregates are represented by the following EPDs:

• Dutch sand: Cascade [76]

• Gravel from the Danish part of the North Sea: Spaansen [77]

• Eco2cem (slag cement): Ecocem Benelux B.V. [150]

• Hoogoven Cement CEM III/B 42.5 N: Hollandse Cement Maatschappĳ [75]

• Plasticizer: Sika [153]

The value used for 1 𝑚3
regular concrete is taken as 123.77 kg 𝐶𝑂2 eq. Whereas the concrete using 50 %

eco2cem 1 𝑚3
causes 69.31 kg 𝐶𝑂2 equivalent emissions [74–77, 150, 151].

For FRC the regular cement concrete mix results in 188.21 kg 𝐶𝑂2 equivalent per 𝑚3
concrete. Whereas

the 50 % eco2cem concrete mix for FRC results in 105.69 kg 𝐶𝑂2 equivalent per 𝑚3
concrete [74–77,

150–153]. A more detailed calculation can be found in chapter 3 for the regular reinforcement, in

Appendix 3 the same method is used,albeit with different material ratios, for the FRC.

The argumentation for the used ratios of materials in concrete, calculations of these values and an

example of how the values for scoring are calculated can be found in chapter 3 and Appendix C.

Reinforcement Mesh (B500B) Two EPDs from Merksteĳn International B.V. [148] and Gallega [79]

were averaged to represent the environmental impact. Both are specific to reinforcement mesh and

relevant for the Dutch and European markets. Averaging was necessary to avoid bias, as the GWP

values for life cycle stages A1-A3 differed significantly between the two datasets.
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Alternative Reinforcement (Basalt Fibre) No certified EPD was available for basalt fibre reinforcement.

Instead, environmental impact data from Fořt et al. (2021) [110] was used as an academic approximation,

enabling inclusion of this material in the comparative analysis despite the absence of a standardised

declaration.

Summary This selection of EPDs provides a consistent, transparent, and realistic representation of

environmental impacts for both the reference TCC design and the alternative scenarios. The approach

ensures that differences in sustainability performance reflect actual material and design variations,

rather than inconsistencies in data sourcing.

An overview of the most important aspects of the EPDs can be found in table 7.1

Table 7.1: GWP
1

data for materials, life cycle stages A1-A3 [74–76, 147, 150, 153, 159, 160]

Element/material Functional unit GWP with car-

bon capture

GWP without

carbon capture

GWP total

CLT24 𝑚3
-762.00 54.00 -708.00

Screws kg - - 6.88

Sand [76] metric tons - - 2.56

Gravel [77] metric tons - - 1.74 E-1

Eco2cem metric tons - - 30.30

Hoogoven Cement metric tons - - 364.00

Plasticizer kg - - 0.87

Reinforcement steel [147] metric tons - - 455.00

Reinforcement steel [79] metric tons - - 2320.00

Basalt Fibre metric tons - - 398.00

The EPDs are publicly available and accessible through the links down below:

• CLT24, Stora Enso [159]

• Stainless Steel screws, Adolf Würth GmbH & Co. KG [160]

• C30/37 Concrete, VOBN [74]

• Dutch sand, Cascade [76]

• Dutch Gravel, Cascade [77]

• Eco2cem, Ecocem Benelux B.V. [150]

• Hoogoven Cement CEM III/B 42,5 N, Hollandse Cement Maatschappĳ [75]

• Plasticizer, Sika [153]

• B500B reinforcement steel, Merksteĳn International B.V. [147]

• B500B reinforcement steel, Gallega [79]

7.3. Environmental impact - A comparison of designs
7.3.1. Original design
The calculations for the total environmental impact of life cycle stages A1-A3 can be found in chapter 3.

An overview of the results of this chapter can be found in table 7.2 and 7.3.

With an overview of the material quantities in table 7.2, functional unit, GWP per functional unit, the

GWP for life cycle stages A1-A3 per square meter of floor slab can be found in table 7.3. The total area of

a floor slab type 1 is equal to 18.48 𝑚2
.

1
kg CO2 equivalent/functional unit

4
GWP for life cycle stages A1-A3

5
f.u. = functional unit

https://www.storaenso.com/-/media/documents/download-center/certificates/wood-products-approvals-and-certificates/epd/stora-enso-epd-clt---may-2024.pdf
https://www.environdec.com/library/epd6975
https://www.bouwoort.nl/Beton/userdata/uploads/MRPI-blad%20VOBN%20betonmortel_september2012.pdf
https://www.mrpi.nl/epd-files/epd/1.1.00A506.2024-cascade-zand-0-4-industriezand.pdf
https://www.mrpi.nl/epd-files/epd/1.1.00A503.2024-cascade-grind-4-32.pdf
https://www.mrpi.nl/epd/ecocem-benelux-b-v-eco2cem-ggbs/
https://www.mrpi.nl/epd/hoogovencement-cem-iii-b-425-n-lh-sr/
https://www.environdec.com/library/epd6999
https://www.mrpi.nl/epd/van-merksteijn-international-b-v-reinforcing-mesh-plus/
https://www.environdec.com/library/epd13315
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Table 7.2: Material quantities - case study

Material Density [𝑘𝑔/𝑚3
] [78–80] Volume [𝑚3

] kg

CLT 420 3.69 1516.03

Concrete 2325 1.92 4464

Reinforcement steel 7850 6.94E-3 54.48

Dowels - 34.848

Table 7.3: GWP
4

per 𝑚2
floor - case study

Material kg 𝐶𝑂2 eq/f.u.
5

f.u. quantity kg 𝐶𝑂2 eq/𝑚2

CLT carbon capture -762 3.61 m
3

-148.84

CLT no carbon capture 54 3.61 m
3

10.55

CLT - total -708 3.61 m
3

-138.29

Concrete - reg cem 123.77 1.92 m
3

12.88

Eco2cem 69.31 1.92 m
3

7.21

Reinforcement steel 1372.5 54.48 kg 4.05

Dowels 6.88 34.85 kg 12.97

From table 7.3 the total GWP for one square meter of TCC floor, type 1, with regular cement is equal to

-120.74 kg 𝐶𝑂2 eq. For the eco2cem variant the total GWP for one square meter of TCC floor - type 1 - is

equal to -133.621 kg 𝐶𝑂2 eq.

It was mentioned in chapter 3 that the change to 50 % eco2cem leads to and decrease of contribution of

concrete to the GWP of the whole TCC floor slab. Whereas it leads to an increase, percentage wise, of

the contribution of the reinforcement to the GWP of the whole TCC floor slab.

7.3.2. Alternative reinforcement design
To assess the GWP emissions of an alternative design using alternative reinforcement instead of

reinforcement mesh the amount of materials needs to be computed first.

The total amount of CLT and dowels does not change compared to the slab design from the study case,

see table 3.2 and 7.4. However, the amount of concrete will be dependent on the amount of fibre used.

The volumetric percentage used in chapter 4 was based on average values from literature. In chapters 5

and 6, one fibre with a specific reinforcement ratio was used, the same volumetric percentage is used in

this chapter as mentioned in 4, is equal to 0.5%.

It is worth noting that not all materials have a volume as their functional unit, thus the mass of materials

is also calculated and shown in table 7.5. It can be noted that the regular reinforced concrete mix has

a lower density in table 7.2 than the mix for the alternative reinforcement in table 7.5. The density

calculations can be found in Appendix C

With an overview of the material quantities, functional unit, GWP per functional unit, the GWP for life

cycle stages A1-A3 per square meter of floor slab can be found in table 7.6. The total area of a floor slab

type 1 is equal to 18.48 𝑚2
.

From table 7.6 the total GWP for one square meter of TCC floor,type 1,with regular cement is equal to

-117.57 kg 𝐶𝑂2 eq. For the eco2cem variant he total GWP for one square meter of TCC floor, type 1, is

equal to -126.21 kg 𝐶𝑂2 eq. The contribution per material can be seen in figures 7.1.

7.4. Conclusion
Tables 7.6 and 7.3 demonstrate that the original design generally results in lower GWP values compared

to the alternative reinforcement. For both reinforcement types, using regular cement leads to higher

6
GWP for life cycle stages A1-A3

7
f.u. = functional unit
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Table 7.4: Material volumes of the alternative reinforcement

Material Length [m] Width [m] Height [m] extra notes Volume [𝑚3
]

Notches 0.15 2.40 0.03 Total of 8

notches over

floor type 1

8.64E-2

CLT 7.70 2.40 0.20 Minus the

notch volume

3.69

Concrete 7.70 2.40 0.10 Plus the notch

volume, minus

the dowel head-

and shaft vol-

ume + fibre vol-

ume

1.93

Material Volume[%] Volume of total cross-

section[𝑚3
]

Volume[𝑚3
]

Basalt Fibre 0.5 1.93 9.65E-3

Table 7.5: Material quantities of the alternative reinforcement

Material Density [𝑘𝑔/𝑚3
] [78–80] Volume [𝑚3

] kg

CLT 420 3.69 1516.03

Concrete 2498 1.93 4821.14

Basalt Fibre 2150 9.65E-3 20.75

Dowels - - 34.85

GWP than using the alternative eco2cem cement.

GWP values per square meter for reinforcement only:

• Steel mesh: 4.05 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2

• Basalt fibre: 0.45 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2

GWP values for combined concrete and reinforcement:

• Steel mesh: 16.93 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2

• Basalt fibre: 17.4 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2

These results highlight the importance of evaluating the full concrete-reinforcement system rather than

focusing solely on individual components. Although basalt fibre has a significantly lower GWP at the

reinforcement level, the overall GWP increases when combined with concrete due to the higher cement

Table 7.6: GWP
6

per 𝑚2
floor - alternative reinforcement

Material kg 𝐶𝑂2 eq/f.u.
7

f.u. quantity kg 𝐶𝑂2 eq/𝑚2

CLT carbon capture -762 3.61 𝑚3
-148.84

CLT no carbon capture 54 3.61 𝑚3
10.55

CLT - total -708 3.61 𝑚3
-138.29

Concrete - reg cem 188.21 1.92𝑚3
16.95

Concrete - eco2cem 105.69 1.92 𝑚3
10.98

Basalt Fibre 398 20.75E-3 ton 0.45

Dowels 6.88 34.85 kg 12.97
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(a) Regular cement concrete (b) Eco2cem concrete

Figure 7.1: Contribution to equivalent 𝐶𝑂2 emissions of materials per square meter of TCC floor slab.

content required in fibre-reinforced mixes. As fibre reinforcement requires the fibres to bridge gaps

created by cracks, rather than relying on aggregates. As a result, the concrete mix needed fewer large

aggregates and more cement to achieve the same compressive strength as a standard C30/37 mix. This

increase in cement content led to higher emissions.

To isolate the impact of cement type, a mix using eco2cem was analyzed. The adjusted GWP values

were:

• Steel mesh with eco2cem: 11.26 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2

• Basalt fibre with eco2cem: 11.43 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2

Additionally, dowels, despite their small volume, contribute significantly to the total GWP, with a value

of 12.97 𝑘𝑔𝐶𝑂2𝑒𝑞/𝑚2
, comparable to the concrete component using regular cement.

In summary, while basalt fibre offers clear environmental benefits at the material level, its integration into

the full TCC floor system can lead to higher overall GWP due to increased cement usage. This underscores

the need for holistic assessment when selecting sustainable construction materials. Thus concluding the

answer to the second sub-question: “How does the most suitable alternative reinforcement method and material
compare to an existing case study design based on their individual mechanical and environmental performances?”.

The following chapter builds upon the findings presented here and in previous chapters by critically

reflecting on the methodologies applied and examining how underlying assumptions have influenced

the outcomes. This reflection serves as a foundation for integrating technical performance and

environmental impact into a unified optimisation strategy.
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Discussion

This chapter reflects on the findings presented in the previous sections and considers their broader

implications for Timber-Concrete-Composite (TCC) design and sustainable construction. The results

from both mechanical and environmental analyses are revisited to assess how well basalt fibre

reinforcement aligns with the thesis’s overarching goal: integrating structural performance and

environmental impact into a holistic evaluation framework. Particular attention is given to the

limitations of the modelling approaches, the assumptions made during the Multi-Criteria Analysis

(MCA), and the trade-offs encountered between mechanical efficiency and sustainability. Through this

critical reflection, the feasibility of basalt fibre as a viable alternative to conventional steel reinforcement

in TCC floor systems is examined.

8.1. Multi-criteria analysis
The primary objective of this thesis was to holistically evaluate reinforcement alternatives in TCC

floor systems, integrating both mechanical performance and environmental impact into the decision-

making framework. This was achieved through a MCA, which, although effective, revealed several

limitations. Notably, the MCA proved highly sensitive to the weighting of criteria and the method used

to interpolate scores across alternatives. This sensitivity introduces uncertainty into the ranking process

and underscores the need for transparent and well-justified weighting strategies.

The process of assigning weights in MCA is inherently subjective, as there is no universally accepted

scientific method to do so. In Chapter 4.4, the weighting approach was guided by previous research

that successfully applied MCA to material selection. In these studies, expert judgment played a key

role in determining weights, an approach that, while informed and valuable, naturally reflects human

perspectives. This underscores a key characteristic of MCA: its flexibility allows for expert input, but

also means that outcomes may vary depending on the context and the stakeholders involved. However,

this subjectivity also allows MCA to be tailored to specific needs and preferences, making it adaptable

across various applications.

Another important consideration is the limited scope of criteria used in the MCA. For structural

performance, the analysis focused exclusively on tensile strength and ductility, rather than evaluating

comprehensive structural behavior. This choice was largely due to the absence of standardized design

methodologies that translate fibre properties into fibre-reinforced concrete performance. As previously

discussed, the behavior of fibre-reinforced concrete is influenced by a broader range of factors, including

fibre length, bond strength, orientation, and modulus of elasticity, which were excluded due to the lack

of standardized data.

Consequently, the MCA may not fully capture the real-world performance of the alternatives. Nonethe-

less, the reduced number of criteria contributes to the simplicity of the analysis. A more concise set of

criteria also minimizes the risk of overlooking complex interdependencies between them, which can be

a challenge in more elaborate decision models.

68
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8.2. Finite element models
In essence, a model serves as a simplified representation of reality, designed to answer questions

about complex systems. This principle was central to the modelling approach adopted in this research.

However, not all models are created equal, each serves a distinct purpose. Therefore, the following

sections provide reflections on both the general modelling methodology and the specific software tools

used, in relation to the objectives of this study.

8.2.1. General
Material properties
The finite element models developed in this study were based on material properties sourced from a

single literature reference. In some instances, key parameters, such as the E-modulus and compressive

strength, did not align with the concrete strength class used in the case study.

This mismatch led to an overdesign of the alternative reinforcement in terms of compressive strength.

While this may have enhanced mechanical performance, it complicates direct comparisons with the

original design. Reducing the compressive strength of the concrete mix could potentially lower its

tensile strength.

However, given the low unity check values observed for the basalt fibre alternative, this reduction may

be acceptable. Moreover, a lower compressive strength could reduce cement content, thereby improving

the environmental profile of the design.

Loading conditions
In the original design, it was assumed that no tensile stresses were present in the concrete portion of the

composite cross-section. Literature suggests that such stress distributions occur only under conditions

of full composite action, an idealized scenario rarely achieved in practice. In reality, partial composite

action introduces tensile stresses that could affect both serviceability limit state (SLS) and ultimate limit

state (ULS) calculations. For instance, these stresses could increase the load used to compute crack

widths or internal forces.

Despite this, tensile stresses were excluded from the scope of this analysis to maintain consistency with

the original design. This decision was made to preserve simplicity and ensure compatibility between

the original and alternative reinforcement evaluations.

8.2.2. LS-DYNA
To investigate shrinkage-induced cracking and diaphragm action, LS-DYNA models were developed

using a combination of 2D shell elements, 1D discrete beam elements, and a smeared cracking approach.

Reinforcement was represented through a smeared equivalent material, derived from the reinforcement

ratio. While this modelling strategy proved effective for the study’s objectives, it comes with notable

limitations.

Shell elements, though computationally efficient, are less reliable in capturing through-thickness stress

variations. Fortunately, the applied loads in this study were relatively uniform across the cross-section,

minimizing the impact of this limitation. Deviations in stress distribution were primarily observed in

regions with steel reinforcement, where material property differences played a role.

The smeared cracking model distributes cracking strain uniformly across each mesh element, based on

a predefined crack-band spacing from Eurocode. This approach does not pinpoint exact crack locations

but instead indicates the general regions, typically within 50 mm elements, where cracking is expected.

A finer mesh provides a more detailed picture of crack propagation, though the strain remains constant

within each element. The model is sensitive to strain localization and post-peak material behaviour,

particularly given concrete’s brittle nature. Additionally, the crack-band spacing was uniformly applied

across all models due to the absence of a method for computing crack spacing in unreinforced concrete.

This conservative assumption influences both the predicted crack locations and strain magnitudes, and

explains the consistent cracking patterns observed when re-running the same model.

The smeared reinforcement method assumes a uniform tensile capacity across the layer, whereas actual

reinforcement is discrete and localized. This simplification affects the distribution of tensile stresses

in the concrete and, consequently, the crack patterns. A more precise representation would involve
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modelling individual reinforcement bars, but this would significantly increase computational demands,

especially given the fine mesh required for the cracking model.

Finally, the structural models were based on symmetrical geometry, material properties, and boundary

conditions under uniform loading. In theory, such a system should respond symmetrically, allowing

for computational efficiency by modelling only a portion of the structure and mirroring the results.

However, the models exhibited asymmetrical behaviour, contrary to expectations. This discrepancy

may be attributed to the crack-band spacing not aligning with the structure’s length, combined with the

sharp post-peak response of the concrete due to its brittle nature.

8.2.3. GSA
The original design was validated using a SCIA model of the entire floor under wind loading. For this

research, a comparable model was developed in GSA, a software tool used internally at Arup. GSA was

selected to facilitate analysis of the alternative reinforcement options.

Like the LS-DYNA model, the GSA model utilized 2D shell elements to represent the concrete layer. The

same limitations regarding shell elements apply, but the method remains suitable due to the relatively

uniform stress distribution resulting from the applied loads.

As discussed in Chapter 3, the design includes strategic cuts in the concrete layer to prevent hogging

moments in one direction, effectively creating a pinned boundary condition along the spanning direction

of the floor slabs. This behavior could not be fully replicated in GSA, as the software automatically

applies fixed connections between 2D elements. This modelling constraint led to discrepancies between

the SCIA and GSA models.

Nevertheless, given the small differences in maximum internal tensile forces observed between

reinforcement alternatives, both were also compared against the original SCIA model results to ensure

consistency and reliability.

8.3. Environmental impact analysis
The environmental impact assessment conducted in this thesis focused exclusively on Global Warming

Potential (GWP) for life cycle stages A1 to A3. This limitation was primarily due to the lack of available

data for subsequent stages.

While this approach offers a useful snapshot of the embodied carbon associated with material production

and processing, it does not provide a complete picture of the environmental footprint. Notably, the

end-of-life stage, often poorly documented in Environmental Product Declarations (EPDs), was excluded,

despite its potential to significantly influence overall impact.

In addition to the limited life cycle scope, the analysis considered only one type of cement/concrete mix.

Numerous alternative and more sustainable cement types exist, and their inclusion could have altered

the results. Furthermore, other components of the concrete mix,such as the use of recycled aggregates

or sand, were also left out of scope, despite their relevance to environmental performance.

Another key limitation in the GWP calculation relates to the dowels used in the TCC floor system. These

components were found to contribute substantially to the overall GWP. However, the analysis was based

on a single dowel layout per floor slab. While variations in timber and concrete spans were considered

across different floor types, the number of dowels varied significantly. The floor type studied in this

thesis represented the most extreme loading scenario, requiring the highest number of dowels. In other

areas of the DPG building, where loading conditions are less severe, the GWP would likely be lower.

By focusing solely on the most demanding configuration, the analysis highlights the importance of

including all relevant components, and their variations, when assessing the environmental impact of

composite systems. A more comprehensive approach would improve the accuracy and applicability of

the findings across different design scenarios.

8.4. Case study
This study focused on a single cross-section of the TCC floor system, maintaining constant material

dimensions, height and width, except for the reinforcement type. It was observed that the basalt
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fibre alternative was overdesigned for wind loading conditions, suggesting potential for optimization.

By reducing the concrete cross-sectional height, the unity check could be increased while remaining

within safe structural limits. This adjustment would also reduce material usage, thereby lowering the

environmental impact.

However, such optimization introduces additional design complexity. A lighter concrete layer may

increase the system’s susceptibility to vibrations, which could affect occupant comfort and long-term

performance. Given that concrete was identified as the largest contributor to the system’s overall

emissions, further exploration of the trade-offs between structural performance and vibration control is

warranted.

Incorporating vibration minimization as an additional design objective could lead to more refined

and sustainable TCC floor systems. Balancing mechanical efficiency, environmental impact, and

serviceability requirements would enable a more holistic and performance-driven design approach.

8.5. Combining model results with the environmental impact
The last sub-question to be considered in this research is: “To what extent do the mechanical and
environmental performances influence each other with the implementation of the most suitable reinforcement
method and material?”. To answer this, the mechanical performance (discussed in Chapters 5 and 6) and

the environmental impact (Chapter 7) must be considered together.

This study shows that both aspects are strongly influenced by the concrete mixture rather than the

reinforcement alone. Mechanically, the effectiveness of basalt fibre reinforcement depends on its bond

with the concrete, while environmentally, the GWP is driven primarily by cement content. Using a

conventional amount of fibre reinforcement led to an overdesigned structure with a GWP higher than

that of the DPG TCC floor.

Therefore, the concrete mixture acts as the main driver for both mechanical and environmental

performance. Cement’s high environmental burden and concrete’s critical role in structural behaviour

create a direct link between these two performance domains. Even when reinforcement is the focus,

optimizing the concrete mixture is essential to achieve a balance between strength and sustainability.
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Conclusion & Recommendations

9.1. Conclusion
This thesis set out to answer the question: “What are the mechanical and environmental implications of
using a suitable alternative reinforcement method and material in timber-concrete-composite (TCC) floor systems,
assessed against a case study”

The objective behind this question was to develop a structured method for evaluating reinforcement

alternatives that not only meet structural requirements but also contribute to reducing the environmental

footprint of building components. By integrating both mechanical and sustainability criteria into the

assessment, the research aimed to support more informed and balanced design decisions in TCC

systems. The study focused on identifying viable non-steel reinforcement options and testing their

performance through a combination of multi-criteria analysis and detailed numerical modelling, using

a real-world floor slab as a reference case. To answer the main question, several sub-questions were

proposed, with the first one being: “Based on the functional roles and requirements for reinforcement in
TCC floor systems, which alternative reinforcement method and material is most suitable for application using a
multi-criteria analysis?”. This question was answered using chapter 2, 3 and 4

In chapter 2 and 3, the functions of reinforcement in TCC floor slabs were examined. It was found that,

unlike conventional reinforced concrete elements where reinforcement primarily resists tensile forces

due to vertical loading, reinforcement in TCC systems serves different purposes. Its main roles are to

minimize shrinkage-induced cracking and to ensure horizontal force redistribution to the stability core

under lateral loading conditions.

This shift in function is logical when considering the composite nature of the system, where timber

replaces reinforced concrete in the tensile zone of the cross-section under governing load cases. As such,

the reinforcement in TCC slabs operates predominantly in the compressive zone where it is activated in

the horizontal plane.

These key functionalities formed the basis for the mechanical behaviour analysis in the remainder of the

thesis. Chapter 2 and 4 the possible alternative methods and materials were discussed and analysed

respectively.

Building on the insights of the functional roles of the reinforcement, a Multi-Criteria Analysis (MCA)

method was developed to evaluate eight promising alternatives to conventional steel reinforcement

bars and compared them to the conventional steel mesh used in the case study of the DPG building.

The MCA considered four main criteria: Performance Capability, Environmental Impact, Buildability,

and Cost. Structural performance was further divided into two equally weighted sub-criteria: Tensile

Strength and Ductility.

The MCA was designed as a low-detail, broad assessment tool to evaluate multiple alternative

reinforcement methods and materials cross different functional units with sustainability being the

dominant criteria as it is the driver of the research. From this analysis, Basalt Fibre Reinforced Polymer

(BFRP) bars emerged as the most desirable option.

However, due to the relatively uniform stress distribution across the cross-section in the relevant load
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cases, the best-performing fibre reinforcement alternative was selected for further study. This material

was determined to be basalt fibres.

Answering the research question, the most suitable reinforcement material was found to be basalt and

the best suited reinforcement method for TCC floors is determined to be fibre reinforcement,

After determining the best suited alternative reinforcement method and material, this alternative is then

compared against the DPG design. Chapters 5, 6 and 7 are used to answer the second sub-question:

“How does the most suitable alternative reinforcement method and material compare to an existing case study
design based on their individual mechanical and environmental performances?”

The detailed study focused on a single case: a standard floor element from the DPG Media building.

Two key structural aspects were analysed: cracking behaviour due to shrinkage and design capacity

under horizontal wind loading.

Finite element models were constructed to simulate crack formation due to shrinkage for the most

favourable alternative identified through the MCA, using LS Dyna. These results were compared to an

analytical approach for computing crack width under the maximum expected shrinkage strain in the

floor system.

The numerical models consistently predicted larger crack widths than the analytical method, 0.95

mm for the non-reinforced model, 0.96 for the basalt fibre reinforce model and 1.35 for the steel mesh

reinforced model, suggesting a mismatch between the modelling approach and the intended objective

rather than a deficiency in the reinforcement material itself.

When comparing the modelled crack widths to the Eurocode limit of 0.4 mm in the Ultimate Limit

State (ULS) phase, all results exceeded this threshold. However, as discussed in Chapter 3, this limit is

primarily intended to prevent corrosion of steel reinforcement. Since basalt fibre is not susceptible to

corrosion, this limit does not apply.

Instead, the basalt fibre crack widths were compared to a 0.7 mm limit found in literature. Although the

unity check still exceeded 1.0, it was closer to the acceptable range than the standard steel mesh.

Assuming the original design’s reinforcement was sufficient, the fibre-reinforced model can be expected

to produce smaller crack widths than the regular steel-reinforced model.

In addition to shrinkage analysis, a separate GSA model was developed to assess stress distribution in

the top concrete layer of the TCC slab under horizontal loading. The results were compared against

the tensile capacity of the selected reinforcement method. Both the original design and the alternative

reinforcement configuration were modelled to enable a direct comparison of structural performance.

The unity check for the standard steel mesh reinforcement was found to be 0.55 in the GSA model and

1.0 in the SCIA model. For the basalt fibre reinforcement, the brittle nature of the material necessitated

an additional safety factor. With this adjustment, the unity check was 0.31 in the GSA model and 0.43 in

the SCIA model.

These results indicate that the mechanical performance of the basalt fibre alternative is superior to that

of the standard steel mesh, supporting the MCA conclusion.

To assess environmental performance, the Global Warming Potential (GWP) was calculated for all

components of the TCC floor slab, covering life cycle stages A1 to A3. These values were computed for

both the original design and the alternative reinforcement variant.

The analysis revealed that while the GWP of the reinforcement itself decreased with the use of basalt

fibres, the overall GWP of the slab increased. This was primarily due to changes in the concrete mix.

Fibre reinforcement requires the fibres to bridge gaps created by cracks, rather than relying on aggregates.

As a result, the concrete mix needed fewer large aggregates and more cement to achieve the same

compressive strength as a standard C30/37 mix. This increase in cement content led to higher emissions.

Investigating alternative cement types with lower GWP values yielded similar results, indicating that

the environmental impact could not be significantly reduced through mix design alone.

Another notable finding was that the dowels (metal screws) used in the notches had the highest GWP

values of all components. This is likely due to the high level of processing required to achieve their

specific shape. Although the screws weigh approximately 60% of the reinforcement steel, their GWP

was more than three times higher. This highlights the importance of considering all components in

environmental assessments, not just the reinforcement material.

Finally, the last research question was answered in chapter 8, reflecting on the information found in
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previous chapters. “To what extent do the mechanical and environmental performances influence each other
with the implementation of the most suitable reinforcement method and material?”. The findings indicate that

these two performance aspects are strongly interconnected, primarily through the concrete mixture

rather than the reinforcement alone. Basalt fibre reinforcement relies on its bond with concrete for

structural efficiency, while the environmental impact in terms of GWP is largely determined by cement

content. Using conventional fibre quantities from literature led to an overdesigned structure with a

GWP exceeding that of the reference DPG TCC floor. This demonstrates that optimizing the concrete

mixture is essential for achieving both structural adequacy and sustainability, even when reinforcement

selection is the primary focus.

In summary, this research examined how alternative reinforcement materials can be assessed and

compared for their mechanical and environmental performance in TCC floor systems through a case

study approach. The mechanical evaluation confirmed that basalt fibre reinforcement meets the

functional requirements of TCC slabs and performs better than conventional steel mesh, particularly

in horizontal load capacity and crack control. However, the environmental analysis revealed a more

complex outcome: while the reinforcement itself has a lower GWP, the overall slab GWP increased

due to the cement-rich concrete mix required for fibre performance. This trade-off highlights that

material substitution alone does not guarantee improved sustainability and underscores the importance

of considering all components and interactions within the system. Ultimately, the findings demonstrate

both the potential and limitations of alternative reinforcement in TCC systems and emphasize the need

for integrated assessment methods to guide future sustainable design strategies.

Key findings are listed as follows:

1. The MCA identified the basalt fibre reinforced polymer bars as the optimal variant, however the

research continued with loose fibres as a focus due to the functionality of reinforcement in the

case study. The most optimal loose fibre reinforcement variant was loose basalt fibre.

2. The maximum crack from the model resulted in 1.35 mm for the steel mesh reinforcement. The

second largest, reinforced with basalt fibre, was 0.96 mm, slightly higher than the 0.95 mm for

the non reinforced model. However, all of these crack widths were larger than the analytically

computed 0.19 mm.

3. The resultant internal forces due to horizontal wind loading were found to be very close in

maximum tensile value between the regular concrete model and the basalt fibre reinforced

concrete model.

4. The basalt fibre reinforced concrete showed sufficient tensile capacity to enable diaphragm action

in the top layer of the TCC floors.

5. The originally designed floor slab was found to have a lower total GWP per 𝑚2
of floor slab than

the basalt fibre reinforced variant. Even though the reinforcement on its own resulted in lower

GWP values, the combination with the altered concrete admixture, which was higher in cement

content, resulted in a higher overall GWP.

6. The biggest contributor to the GWP for the TCC floorslab were the shear connectors, connecting

the timber- and concrete slabs.

9.2. Recommendations
Based on the findings and reflections presented in this thesis, several recommendations can be made

to improve future research and practical application of alternative reinforcement materials in TCC

floor systems. A key recommendation is to conduct physical experiments, both to validate the design

developed in this study and to generate additional data for use by other researchers. These tests can

serve multiple purposes:

• Enhance Methods for Assessing Structural Performance Future studies should move beyond

simplified mechanical property comparisons and focus on standardized testing of real structural

behaviour. This includes compressive, tensile, and flexural capacity tests with clearly defined

E-moduli. Such data would enable more accurate comparisons between reinforcement alternatives

and support more reliable design decisions.
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• Develop Practical Design Tools for Fibre Reinforcement To facilitate adoption in engineering

practice, design tables or formulas should be developed that link commonly available fibre

properties to structural performance. These tools should be based on standardized specimen

testing and aligned with Eurocode requirements, making fibre-reinforced concrete more accessible

and easier to specify.

• Ensure Consistency in Material Properties for Fair Comparison Comparative studies should use

concrete mixes with equivalent compressive strength and E-modulus across all reinforcement

types. This will ensure that differences in performance and environmental impact are due to the

reinforcement itself, not variations in concrete composition.

• Refine Modelling Approaches and Boundary Conditions Numerical models should be improved

by applying more accurate boundary conditions and selecting appropriate modelling software

or element types. This is especially important for capturing shrinkage-induced cracking and

diaphragm action realistically in TCC slabs.

In addition to laboratory testing and its applications, further progress can be made in the area of

sustainability:

• Expand Environmental Impact Assessment Scope Environmental analyses should encompass

all stages of the life cycle, with particular attention to end-of-life scenarios, as these can signifi-

cantly influence the overall environmental impact. Future research should focus on addressing

existing data gaps and re-evaluating the sustainability of reinforcement alternatives through

a comprehensive life cycle perspective. Moreover, environmental impact assessments should

extend beyond individual materials to include entire TCC floor systems. In particular, quantifying

the environmental effects associated with the use of fibres would provide valuable insights for

informed decision-making and should be prioritized in future investigations.

• Explore Cross-Sectional Optimization Given the overdesign observed in the basalt fibre alternative,

future studies should investigate reducing concrete cross-sectional height to optimize material use.

This could lower environmental impact while maintaining structural safety. However, vibration

sensitivity must be considered as part of this optimization process.
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A
Detailed criteria list

In chapter 4 5 total criteria are used to assess the alternatives, in this appendix a more extensive

description of the criteria that were not used given. In Figure A.1 an overview of example criteria that

could be considered in a more extensive multi criteria analysis (MCA) is given.

Figure A.1: Overview of criteria

A.1. Performance Capability
Performance capability evaluates the mechanical and durability properties of the alternative, including

its tensile strength, stiffness, fatigue resistance, and long-term stability within the composite system. It

also considers how well the alternative integrates with the TCC system to maintain composite action.

Due to its direct influence on structural integrity and system reliability, this criterion weighs highly.

Performance capability has several sub-criteria as follows:

• Fire resistance(quantitative): Assesses the alternative’s ability to withstand high temperatures and

resist ignition, flame spread, and structural failure under fire conditions. This includes compliance

with fire safety standards (e.g., Euroclass ratings, ASTM E84) and the effectiveness of fire retardant

treatments. For this sub-criterion, the alternatives will be put into order based on their thermal

resistance.

• Resistance to decay(qualitative): Evaluates the alternatives durability against biological deteriora-

tion, such as fungal decay, insect attacks, and moisture-induced degradation. Highly resistant
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alternatives enhance long-term performance and reduce maintenance needs.

• Maintainability(qualitative): Assesses the effort and resources needed to maintain the alternatives

performance over time. This includes cleaning requirements, resistance to wear and tear, and ease

of replacement or repair. Low-maintenance materials enhance cost-efficiency and user satisfaction.

• Data availability(quantitative): Examines the accessibility and reliability of performance-related

data, including fire test reports, durability studies, thermal conductivity values, and maintenance

guidelines. Comprehensive, third-party-verified data ensures informed decision-making and

regulatory compliance.

A.2. Environmental impact
This criterion assesses the overall ecological footprint of the alternative, considering embodied carbon,

energy consumption, pollution, and resource depletion across its life cycle. Sustainable sourcing, carbon

sequestration potential, and low-impact processing methods are prioritized. Given the increasing focus

on sustainability in construction, this factor holds substantial weight.

• Toxicity(quantitative): Examines whether the alternative contains or emits harmful substances

that pose health or environmental risks. This includes volatile organic compounds (VOCs),

heavy metals, and other hazardous chemicals that may leach during production, use, or disposal.

Low-toxicity materials are prioritized to ensure safety for both workers and occupants.

• Ozone depletion(quantitative): Assesses the alternatives contribution to ozone layer degradation,

primarily through the release of chlorofluorocarbons (CFCs) or other ozone-depleting substances

during its production or disposal. Alternatives with negligible or zero ozone depletion potential

are preferred.

• Minimize pollution(quantitative): Evaluates the extent to which the alternative contributes to

environmental contamination. This includes water, soil, and air pollution during manufacturing,

transportation, and end-of-life stages. Alternatives with minimal emissions, clean processing

techniques, and reduced waste generation are more desirable.

• Impact on air quality(quantitative): Focuses on the A=lternative’s effect on indoor and outdoor air

quality, particularly through emissions of particulate matter, VOCs, or other pollutants. Materials

that support healthier indoor environments by maintaining low emissions and avoiding off-gassing

are favored.

• Embodied energy(quantitative): Measures the total energy consumption required for the al-

ternatives extraction, processing, manufacturing, and transportation. Alternatives with lower

embodied energy, particularly those utilizing renewable energy sources during production, are

considered more sustainable.

• Environmental impact during harvest(quantitative): Examines the ecological effects of obtaining

the raw material. For natural alternatives, this includes land use, deforestation risks, water

consumption, and soil degradation. For synthetic or recycled alternatives, this considers the

energy intensity and environmental cost of raw material sourcing. Alternatives that are responsibly

sourced, certified sustainable, or derived from waste materials score higher in this category.

• Data availability(quantitative): The data availability criterion assesses the accessibility, reliability,

and comprehensiveness of environmental data related to the alternative. A well-documented

alternative allows for more accurate sustainability assessments, compliance with regulations, and

informed decision-making.

A.3. Buildability
Resource efficiency measures how effectively raw materials are utilized in alternative production. This

includes renewability, minimal energy-intensive processing, and optimized material usage to reduce

excess consumption. Alternatives that require fewer resources while maintaining high performance are

favoured, making this an important consideration.

• Material availability(quantitative): Examines the abundance and accessibility of raw materials

required to produce the alternative. Considerations include geographical availability, supply
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chain stability, reliance on rare or non-renewable resources, and potential competition with other

industries. Easily sourced materials reduce supply disruptions and improve project feasibility.

• Manufacturability(qualitative): Evaluates the complexity of producing the alternative at an

industrial scale. Factors include processing requirements (e.g., energy-intensive steps, specialized

equipment), consistency in quality, and feasibility of mass production. A highly manufacturable

alternative allows for cost-effective and reliable supply chains.

• Ease of construction(qualitative): Evaluates how straightforward it is to integrate the alternative

into building systems, considering factors like workability, compatibility with adhesives/binders,

and required construction techniques. Materials that simplify construction can reduce costs and

errors.

• Risk wear and tear of equipment(qualitative): Assesses the potential impact of alternative

processing on machinery and tools. Some alternatives may cause excessive wear due to abrasiveness,

hardness, or clogging tendencies, leading to increased maintenance costs and reduced efficiency

in manufacturing and installation.

A.4. Life Cycle Cost
The life cycle cost criterion accounts for the total financial impact of the alternative, including production,

installation, maintenance, and end-of-life disposal or reuse. A cost-effective alternative must balance

affordability with durability to minimize long-term expenses. Since cost efficiency is crucial for

large-scale implementation, this criterion receives significant weighting.

• Initial cost(quantitative): Assesses the upfront expenses associated with material procurement

and processing, from when the alternative would be ready to use in a concrete mixture. Lower

initial costs improve the economic feasibility of a alternative.

• Maintanance cost(qualitative): Evaluates the ongoing expenses required to maintain the alter-

natives performance over its lifespan. This includes durability, susceptibility to wear and tear,

resistance to environmental degradation (e.g., moisture, UV exposure), and the need for repairs or

replacements. A low-maintenance alternative reduces operational costs over time.

• Disposal cost(qualitative): Examines the financial implications of managing the alternative at

the end of its life cycle. Considerations include ease of recycling, landfill fees, potential for

repurposing, and adherence to waste management regulations. Sustainable disposal solutions can

mitigate costs and environmental impact.

A.5. Resource efficiency
Resource efficiency measures how effectively raw materials are utilized in alternative production. This

includes renewability, minimal energy-intensive processing, and optimized material usage to reduce

excess consumption. alternatives that require fewer resources while maintaining high performance are

favoured, making this an important practical consideration.

• Amount of wastage during production(quantitative): Evaluates how much material is lost or

wasted during manufacturing. A alternative with a high production yield and minimal scrap

contributes to a more efficient and cost-effective process. Efficient production techniques, such as

recycling by-products, improve sustainability.

• Reinforcement ratio (quantitative): Examines how much alternative is required within a concrete

mix to achieve the desired performance. A lower volumetric percentage with high effectiveness

enhances efficiency, reduces material consumption, and minimizes added weight in structural

applications.

• Use of local materials(qualitative): Prioritizes the availability and sourcing of alternatives from

local or regional suppliers to minimize transportation emissions, lower costs, and support local

economies. Locally sourced alternatives improve supply chain sustainability and reduce the

carbon footprint of production.
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A.6. Waste minimization
This criterion evaluates the potential for alternative reuse, recycling, and biodegradability at the end of

its life cycle. Materials that contribute to a circular economy by reducing construction and demolition

waste are preferred. Since waste management is a growing concern in sustainable design, this criterion

plays a key role in alternative selection.

• Environmental sound disposal option(qualitative): Assesses the availability and implementation

of disposal methods that minimize environmental harm. This includes evaluating whether the

material can be safely decomposed, incinerated with energy recovery, or disposed of in a manner

that prevents soil and water contamination. Environmentally responsible disposal practices help

conserve landfill space and protect ecosystems.

• Recycling and reuse potential(qualitative): Evaluates the alternative’s capacity to be recycled or

repurposed at the end of its useful life. Materials with high recycling and reuse potential can be

transformed into new products or applications, reducing the demand for virgin resources and

lowering environmental impact. For example, certain construction materials can be recycled into

aggregate for new concrete or repurposed for other structural applications.



B
Baseline for a more detailed

assessment of criteria

In chapter 4.3, figure A.1, an overview is given of criteria to assess for a full assessment in A. An overview

of values and explanations of the process involving regular reinforcement mesh for these criteria is

given in this appendix.

Fire resistance: Steel and concrete have the same coefficient of expansion when heated. The minimum

thickness is not specified, but assumed at 10 mm as this is the 𝑐𝑚𝑖𝑛 given by the Eurocode 2 , section 4.2

[47]. In FRC it says that replacing the rebar by steel fibres is good until a certain level, after which they

behave worse (Joao Paulo C., 2010) [161]. The concrete protects most of the rebar, the melting point of

steel reinforcement lies between 1200 and 1300 degrees Celsius [4].

Resistance to decay: Steel is corrosion sensitive due to (i) carbonation of concrete, and (ii) pres-

ence of chloride ions. The permeability, nature and intensity of cracks, and the cover thickness, of

concrete, have a great bearing upon the initiation and sustenance of reinforcement corrosion. Once

reinforcement corrosion is initiated, it progresses almost at a steady rate and shortens the service life

of the structure, by causing surface cracking and subsequently spalling of the cover concrete due to

expansion of the corroding steel. The rate of corrosion directly affects the extent of the remaining service

life of a corroding RC structure [162].

Structural performance: The requirements and design with fibres can be found in fib 2010, vol-

ume 1 and 2 [158, 163]. With most alternatives in literature, it is mentioned by how well they could

replace regular steel rebar. The rebar type used in the original design is Comparable parameters:

• Yield strength Strength (MPa) – Point that plastic deformation starts.

• Steel rebar benchmark: The characteristic values of reinforcement steel can be found in Appendix

C of NEN-1992-1-1 where the characteristic yield strength has a value between 400 and 600 Mpa

[47]. Better if:Alternative has comparable or higher tensile strength. Elastic Modulus (GPa) –

Stiffness and ability to resist deformation.

• Steel rebar benchmark: In NEN-EN 1992-1-1 in section 3.2.7 the elastic modules is defined with a

calculation value of 200 GPa [47]. Better if: Alternative has similar or higher modulus; worse if it

is significantly lower, leading to excessive deflection.

• Bond Strength with Concrete (MPa or pull-out force in kN) – Determines composite action

efficiency. Steel rebar benchmark: For reinforcement bars with a diameter of 5-6 mm the minimum

relative rib area fR,min is equal to 0.035, according to Eurocode 2 Appendix C[47]. Better if:
Alternative has superior interfacial bonding and does not pull out easily.

• Ductility and Energy Absorption (%) – Ability to deform before failure. Steel rebar benchmark:

High ductility when Rm/Re factor 1.05-1.35 and characteristic deformation at maximum strength
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𝜖𝑢𝑘 has a value between 2.5 and 7.5 %, according to Eurocode 2 Appendix C [47, 164]. Better if:
Alternative prevents brittle failure and provides residual strength after cracking.

Variability of performance: Very consistent, as it is made in a factory, set guidelines in place for

fabrication. In line with design codes, NEN-EN 10080, section 7.2.1: “In the context of this European

Standard the characteristic value of an essential characteristic is (unless otherwise indicated) the lower

or upper limit (fractile p) of the confidence interval at which there is a 90 % probability (1 - 𝛼 = 0, 90)

that 95 % (p = 0, 95) or 90 % (p = 0, 90) of the individual measured values are at or above this lower limit,

or are at or below this upper limit respectively” [45]. From section 7.3.3 the density of reinforcement

steel can be found as 7850 𝑘𝑔/𝑚3
.

Data availability: As there are many producers and there is a lot of research into rebar, mechanical

data (characteristic values) for standard rebar is widely available. In the Netherlands alone, there are

45 members of the Dutch association for reinforcement. This number of producers in such a small

country showcases the widespread availability of data besides the numerous research topics related to

reinforcement steel [165].

Global Warming Potential (GWP): For A1-A3 the EPD of van Merksteĳn International B.V., ac-

cessed through the MRPI database, gives the following value for the GWP per tonne of reinforcement

steel mesh, 455 kg 𝐶𝑂2 equivalent/tonne of rebar mesh (made out of sustainably produced steel) [147].

For another rebar mesh, made of virgin materials, the GWP is equal to 2320 kg 𝐶𝑂2 equivalent/tonne

rebar mesh, accessed through the International EPD System library. The keywords steel mesh, with

Product Category – Construction Products, PCR – Being updated – Construction products (EN 15804

+A2), in the Geographical scope of Europe were used to look for reinforcement mesh EPD’s [148]. For

this analysis, the average of these two GWP values will be used.

Millieu Kosten Indicator (MKI): In the Netherlands, the values used to get the shadow costs are as

follows, there is a table with the monetary value per environmental impact category (per functional

unit). From EPD’s the amount in units of that category is calculated based on the amount needed

(converted from the declared functional unit) in a project/element. Each category has a different cost

attached to it, based on how much it would cost to undo the impact in that category. The values used to

convert the impact to a monetary value in the Netherlands can be found in Figure B.1 [166].

Figure B.1: Conversion factors, environmental impact to euros [166]

For the steel reinforcement mesh two EPD’s from Spain has been considered as this is relatively close to

the Netherlands and the Dutch EPD used for the GWP was incomplete for a full shadow cost calculation.

The EPD made of virgin materials results in a shadow cost of 364,21 euros per tonne of steel rebar mesh

and the 99.99% recycled mesh results in 86,94 euros per tonne steel rebar mesh [148, 167]

Data availability: For EPD’s available, the MRPI has one EPD available for steel reinforcement meshes,

in the international EPD library three EPD’s for steel reinforcement meshes were available in the Europe

region [147, 148, 167, 168]. When looking at just reinforcement bars, there are six EPD’s available in the
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MRPI database and three were found in the international EPD database (keyword: reinforcement bar)

in the Europe region [169, 170].

The specific mesh reinforcement had data for the life cycle stages A1-A3 and was missing data for 6 of

the environmental impact categories (human health, toxicity and soil quality) [147].

All the EPD’s from the internation EPD library had data from the life cycle stages A1-A4, C1-C4 and

stage D. The Hellenic Halyvourgia S.A. – Concrete Reinforcing Steel and Mesh Products contains data

on 14 environmental impact categories and the other two have data on all the 19 environmental impact

categories [148, 167, 168].

Recycling and re-use options: Steel in itself is a material that is recycled often. Within the construction

industry, most reinforcement steel from demolition of buildings gets recycled. Thus reinforcement

alternatives will score better if they are easier to recycle [171].

Material availability: As mentioned previously, there are 45 members of the reinforcement steel

association in the Netherlands alone. On top of the steel reinforcement industry the Netherlands is host

country to Tata steel Ijmuiden, the largest steel factory. These two factors show the wide availability of

both steel as a material and reinforcement steel as a product readily available [165, 172].

Manufacturability: Steel is a material that is widely processed into various products. The pro-

cess is quite energy intensive due to the high temperatures needed to process the raw materials and

there are various steps involved before semi-finished products are acquired. Yet, there is a big industry

in place to process and produce steel products, in 2023 the crude steel production globally was 1.892

mega tons. In the Netherlands roughly 88% of steel companies focus on braiding concrete reinforcement,

showing the manufacturing of steel reinforcement is a significant part of the Dutch steel sector and

shows the relative ease of steel reinforcement compared to other reinforcement methods [49–51].

Applications: Concrete reinforcement is a widely used application of steel as a component in the

construction industry with K. Kwon (2021) estimating a use of roughly 950 million tonnes in 2019 [48].

There are design codes in place that ensure safe design of structures using steel reinforcement, the lack

of design codes for materials such as fibre reinforcement can make it difficult to apply them on a bigger

scale in projects. Reinforcement steel has been used for over a century, with the first specifications

related to reinforcement steel dating back to the 1910’s [44]. In the Netherlands the first guidelines for

quality of steel rebar date back to 1968 and currently can be found in NEN-EN 10080 [45, 46]. The guide-

lines related to designing with reinforcement steel can be found in Eurocode 2 for concrete structures [47].

Ease of handling on-site: In general, it expected that by replacing the reinforcement steel meshes

with fibre, the time on site will be reduced and thus all fibres are expected to be easier to handle than

reinforcement steel. The parameters for the assessment of the construction period used by Aidarov et al.

in 2022 were the following [173]:

• Number of steel fixers in the crew,

• Amount of labour hours in a shift,

• Number of shifts per a day.

As can be seen in Figure B.2[173], the shore positioning, beam placement of the shoring system and

concrete compacting and finishing are activities that do not change when replacing standard reinforce-

ment meshes with alternatives. What does change is the reinforcement fixing (which is completely

eliminated in a comparison) and the concrete pumping (depending on the influence of the alternative on

the workability) In this assessment, the weight of the alternatives to put into the concrete mixture and

influence on workability of the concrete mixture will be the factors that influence the ease of handling

on site the most, as moving heavier materials will be more labour intensive and if the workability

decreases the pouring of concrete might take longer. Risk wear and tear of equipment: As mentioned

by Lanzoni et al. (2012) some alternatives, for example steel fibres, might increase the wear and tear

of the machinery used for mixing and pouring/pumping of the concrete [174]. Thus if a alternative

contributes to the wear and tear of the equipment in a significant way, this alternative performs worse
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Figure B.2: Construction action influencing construction time [173].

in comparison

Reinforcement cost from supplier: The specific cost of reinforcement is dependent on the sup-

plier. The supplier for the reinforcement meshes in the DPG building is unknown, data for the price

reinforcement meshes has been taken from betonstaal. From their website, the price per tonne of mesh

is roughly equal to 900,50 euros (assuming between more than 30 meshes were used for the whole

building, 1 mesh ≈ 10 𝑚2
and the drawings show 1368.8 𝑚2

in rebar meshes) [149].

Maintainability: As the maintainability of reinforcements is dependent on their long-term per-

formance, the maintainability also depends heavily on how well one can assess the performance of

the reinforcement in real time. For existing concrete structures, there are various methods in place to

assess the state of the reinforcement both destructive and non-destructive [175]. The more methods and

research there are available for the assessment of (fibre) reinforcement, the more likely it is to be cheaper.

Disposal costs: In 2015, Bowyer et al. Mentioned that in 2013, 81% steel ended up getting recycled, with

the construction sector recycling roughly 97.5% of steel in North America the remaining is disposed

of as old scrap steel [176]. The disposal of steel is usually done by disposing it in a landfill, however

if done improperly the leakage of metal can have a negative impact on the environment [177]. Con-

sidering the possible shadow costs of waste, the more harmful substances it contains the more it will cost.

Volumetric wastage percentage: The production of steel results in 0.55 -0.6 tons of waste [178,

179]. In the Netherlands, some of the waste products can be used in a different application, according to

TATA steel 98% of all the waste- and bi-products gets a new life. These products can be either used

directly or be used in another process [180].

Reinforcement ratio The volumetric reinforcement percentage has a set limit in reinforced concrete. For

reinforcement bars this is equal to 0,04 Ac, which, if the concrete cross-section is considered to be 100%,

results in 4% maximum of reinforcement steel, according to Eurocode 2 section 9.2.1.1 [47]. In the DPG

floor type 1 the reinforcement ratio was found to be ≈ 0.38%, as can be seen in C.

–> add the whole part above this to the appendix and bring the appendix of the alternatives to the main

report, makea similar summary for the origina design mesh.



C
Environmental impact and Cost MCA -

Calculation examples

C.1. Concrete values
The calculation for the regular concrete mixture can be found in the main report, the computation of the

FRC mixes can be found in this appendix.

For the concrete mix used for the FRC, the values can be found in table C.1, the mixture components

and amounts are taken from literature [74–77, 152, 153]. This mixture results in a total of 188.21 kg 𝐶𝑂2

equivalent per 𝑚3
of concrete, without the fibres being included. The resulting concrete density is equal

to 2498 kg/𝑚3
.

Table C.1: Fibre concrete mix values (C30/37)[74–77, 152, 153]

Component kg 𝐶𝑂2 eq/ func unit Amount[kg]/ kg 𝐶𝑂2 eq/

func unit 𝑚3
concrete 𝑚3

Cement (Hoogovencement 500 metric tons 330 0.364 · 500 =

182.00

CEMIII - 42.5 N)

Stone (River stone) 1.74 metric tons 1045 1.74E-3 · 1045

= 1.82

River sand 2.39 metric tons 750 0.00239 · 750 =

1.79

Water - - 200 -

Water reducing agent 0.867 kg 3 0.867 · 3 =

2.601

Using eco2cem instead of CEM II for 50% of the cement, results in a strength class of 42.5 N which

is comparable to that used for C30/37 in the first concrete mix. Eco2cem has a GWP of 3.39E-2 kg

𝐶𝑂2 eq/kg material. Replacing the original cement content with 50% eco2cem results in the following

environmental impacts of concrete mixtures, as can be seen in table C.2 [150, 151].

For the concrete mix used for the regular reinforcement mesh, the GWP of the concrete mix re-

sults in 69.31 kg 𝐶𝑂2 eq/𝑚3
concrete. The density is equal to 2325 kg/ 𝑚3

- the sum of kg material per

𝑚3
of concrete. For the fibre reinforcement mix the GWP of the concrete mix results in 105.69 kg 𝐶𝑂2

eq/𝑚3
concrete, as can be seen in table C.3. The density is equal to 2498 kg/ 𝑚3

- the sum of kg material
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per 𝑚3
of concrete.

Table C.2: Regular concrete mix values (C30/37) - 50% eco2cem [74–77, 150]

Component kg 𝐶𝑂2 eq/ func unit Amount[kg]/ kg 𝐶𝑂2 eq/

func unit 𝑚3
concrete 𝑚3

Regular cement (42.5N) 364.00 metric tons 165 0.364 · 165 = 60.06

Eco2cem 33.9 metric tons 165 3.39E-2 ·165 = 5.59

Stone (River stone) 1.74 metric tons 1070 1.74E-3 ·1070= 1.86

River sand 2.39 metric tons 750 0.00239 · 750 = 1.79

Water - - 175 -

Table C.3: Fibre concrete mix values (C30/37) - 50% eco2cem [74–77, 150, 152, 153]

Component kg 𝐶𝑂2 eq/ func unit Amount[kg]/ kg 𝐶𝑂2 eq/

func unit 𝑚3
concrete 𝑚3

Regular cement (42.5N) 364.00 metric tons 250 0.364 · 250 = 91.00

Eco2cem 33.9 metric tons 250 3.39E-2 ·250= 8.48

Stone (River stone) 1.74 metric tons 1045 1.74E-3 ·1045= 1.82

River sand 2.39 metric tons 750 2.39E-3 ·750= 1.79

Water - - 200 -

Water reducing agent 0.867 kg 3 0.867 · 3 = 2.601

C.2. Reinforcement bars emissions - example steel mesh - regular
concrete

To determine the impact of this reinforcement alternative, firstly, the reinforcement ratio needs to be

calculated. The rebar in the original TCC floor design is spaced every 150 mm - spanning in both

directions - with a diameter of 6mm. The reinforcement ratio can be calculated as follows:

𝐴𝑆 · 𝑛 · 𝑙𝑠/(𝑙𝑐 · 𝑏𝑐 · ℎ𝑐)

Where:

𝐴𝑠 is equal to the cross-section of the reinforcement bar;

𝑛 is equal to the amount of bars in the analysed cross-section;

𝑙𝑠 is equal to the length of the rebar in the analysed cross-section;

𝑙𝑐 is equal to the length of the concrete cross-section;

𝑏𝑐 is equal to the width of the concrete cross-section;

ℎ𝑐 is equal to the height of the concrete cross-section.

The cross-section of one bars is equal to 28.27 𝑚𝑚2
, with a total of 13 1/3 bars per 𝑚2

of the slab.

With a concrete slab of 100 mm thick, this then results in a reinforcement ratio of:

28, 27 · 13
1/3

· 1000/(1000 · 1000 · 100 = 0.38%

Using the density, GWP and cost values from chapter 4 and the concrete GWP data from table ??, the
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cost and GWP for this specific application is calculated. These calculations leave out the overlap length -

including this would result in extra material and thus extra cost and higher GWP.

Example calculation: GWP - regular cement
Using the density of steel - 𝜌 = 7850𝑘𝑔/𝑚3

[45] - and the reinforcement ratio of 0.38%, this would then

result in a specific amount - in kg - of the amount of reinforcement applied per 𝑚3
concrete.

𝜌 · 𝑣%/100 = 7850 · 0.38/100 = 29.83𝑘𝑔

With a GWP of 1372.5 kg 𝐶𝑂2 eq/tonne reinforcement, average of two EPD’s [79, 147]. The total GWP

in life cycle stages A1-A3 of regular reinforced concrete results in - just for the reinforcement in one

cubic meter of concrete- 40.94 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

With 99.68 % of the volume being concrete, for the concrete portion, using the data from table ??,this

then results in 136.461 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

For this specific application the GWP of reinforced concrete is the equal to 177.40 kg 𝐶𝑂2 eq/𝑚3
of

reinforced concrete.

Example calculation: GWP - 50 % for the cement eco2cem
This section shows examples of the calculations, using 50 % for the cement eco2cem.

With a GWP of 1372.5 kg 𝐶𝑂2 eq/tonne reinforcement this results in - just for the reinforcement in one

cubic meter of concrete - 40.94 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

With 99.68 % of the volume being concrete, for the concrete portion, using the data from table C.2,this

then results in 77.11 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

For this specific application the GWP of reinforced concrete is the equal to 118.05 kg 𝐶𝑂2 eq/𝑚3
of

reinforced concrete.

Example calculation: Cost
From chapter 4, the cost per kg of steel mesh reinforcement is found to be equal to 0.9005 e/kg. The

cost of the reinforcement is then equal to 26.86 e/𝑚3
reinforced concrete.

C.3. Fibre reinforcement calculations- example PP fibres
Using the density, GWP and cost values from chapter 4 and the concrete GWP data from table C.1, the

cost and GWP for this specific application is calculated. These calculations leave out the overlap length -

including this would result in extra material and thus extra cost and higher GWP.

Example calculation: GWP
Using the density of PP-fibre - 𝜌 = 900𝑘𝑔/𝑚3

- and the reinforcement ratio of 0.43%, this would then

result in a specific amount - in kg - of the amount of reinforcement applied per 𝑚3
concrete.

𝜌 · 𝑣%/100 = 900 · 0.43/100 = 3.87𝑘𝑔

With a GWP of 4600 kg 𝐶𝑂2 eq/tonne reinforcement this results in - just for the reinforcement in one

cubic meter of concrete - 17.80 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

With 99.57 % of the volume being concrete, for the concrete portion, using the data from table C.1, this

then results in 199.60 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

For this specific application the GWP of reinforced concrete is equal to 217.40 kg 𝐶𝑂2 eq/𝑚3
of PP-fibre

reinforced concrete.
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Example calculation: GWP - 50 % for the cement eco2cem
Using the density, GWP and cost values from chapter 4 and the concrete GWP data from table C.3, the

cost and GWP for this specific application is calculated. This section shows examples of the calculations,

using 50 % for the cement eco2cem.

With a GWP of 4600 kg 𝐶𝑂2 eq/tonne reinforcement this results in - just for the reinforcement in one

cubic meter of concrete - 17.80 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

With 99.57 % of the volume being concrete, for the concrete portion, using the data from table C.3, this

then results in 117.42 kg 𝐶𝑂2 eq/𝑚3
of reinforced concrete.

For this specific application the GWP of reinforced concrete is the equal to 135.22 kg 𝐶𝑂2 eq/𝑚3
of

PP-fibre reinforced concrete.

Example calculation: Cost
From chapter B, the cost per kg of PP-fibre mesh reinforcement is found to be equal to 35.- e/kg. The

cost of the reinforcement is then equal to 135.45 e/𝑚3
reinforced concrete.



D
Sensitivity analysis

The multi criteria analysis (MCA) performed in chapter 4 gave one variable as the best in all scenario.

It is worth noting that though the values and methods used in the MCA were chosen with care and

based on literature, they were chosen by one person and with a small set of data, thus it is of interest to

check how sensitive the MCA is to certain changes in approach or variables. In this paragraph multiple

sensitivity checks are performed.

D.1. Interpolation method
The current method used is a linear interpolation between the ’best’ and the ’worst’ value, scored 100.00

and 0.00 respectively. Another way of calculating the scores of the alternatives between these would be

logarithmic and exponential. These can be seen below in figures D.6 D.8 D.2 D.4 D.5 D.7 D.1 D.3. Each

interpolation method has two variants:

1. In the first variant, the linear scores per alternative were transformed either logarithmic or

exponential.

2. With the second variant the original values were transformed either logarithmic or exponential

and then calculated linearly between the maximum and minimum of these transformed values.

Figure D.1: Logarithmically transformed linear scores variant, regular cement

Figure D.2: Logarithmically transformed linear scores variant, eco2cem cement

The methods influence the results, as seen in figures D.6 D.8 D.2 D.4 D.5 D.7 D.1 D.3. In D.1 D.2 it can be

seen that alternative A1, polypropylene (PP) fibres, score best, followed by regular mesh reinforcement
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Figure D.3: Logarithmically transformed values variant, linearly interpolated, regular cement

Figure D.4: Logarithmically transformed variant, linearly interpolated, eco2cem cement

and Basalt fibre reinforcement polymer bars (refered to as FRP in the figures).

In D.3 it can be seen that alternative FRP, score best, followed by regular mesh reinforcement and

alternative A4, basalt fibre. Whereas in D.4 the steel mesh is followed by A6, hemp fibres.

Figure D.5: Exponentially transformed linear scores variant, regular cement

Figure D.6: Exponentially transformed linear scores variant, eco2cem cement

Figure D.7: Exponentially transformed values variant, linearly interpolated, regular cement

From the exponential variants an influence on the best scoring alternative reinforcement is also found.

First the influence of scoring variant 1. In D.3 it can be seen that alternative FRP, score best, followed by
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Figure D.8: Exponentially transformed variant, linearly interpolated, eco2cem cement

regular mesh reinforcement and alternative A5, coir fibre. Whereas in D.4 A6, hemp fibre, is followed

by the steel mesh.

With scoring variant 2, in ?? it can be seen that alternative FRP, score best, followed by regular mesh

reinforcement and alternative A4, basalt fibre.

D.2. Ranking
Instead of attaching a score to each value of the criteria, the alternatives can be ranked based on their

values for a criterion. Resulting in a score between 1.0 and 9.0. In the figures D.9 D.10 below the result

of the ranking can be seen. The ranking results in a smaller spread of scores, but also shifts some

Figure D.9: Ranked scores for regular cement

Figure D.10: Ranked scores for partial eco2cem cement

alternatives in term of how well they do for the final scores. It shows that for both the regular cement

and the partial eco2cem the same reinforcement materials get the same scoring and that these are very

close to each other. The basalt fibre reinforced polymer (BFRP) scores best. When not looking at BFRP

reinforcement or regular reinforcement mesh, the basalt fibre get the highest score.

D.3. Weights
The main-criteria and sub-criteria both have weights attached to them in chapter 4 which contribute

to the final reinforcement alternative. In this paragraph, the influence of the weights on the chosen

final reinforcement is investigated. For reference, figures D.11 and D.12 show the total scores of the

alternative reinforcements without weight attached to the main- and/or sub-criteria.
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Figure D.11: Unweighted scores regular cement

Figure D.12: Unweighted scores partial eco2cem cement

D.3.1. Weights sub-criteria
For the sensitivity analysis of the sub criteria, the following weights are given to the sub criteria:

A. All sub-criteria 0.5;

B. Each sub-criteria weighted 1 and C1 0.5;

C. Sub-criteria of C1 together 1 the others already 1 (varying the values of weights w11 and w12).

Figure D.13: Weighted sub-criteria scores A. regular cement

Figure D.14: Weighted sub-criteria scores A. eco2cem cement

From figures D.13 and D.14 it can be seen that regular steel mesh reinforcement is the best scoring of the

considered alternatives when the sub-crietria get a weight of 0.5, followed by Alternative 1, PP-fibres.

From figures D.15 and D.16 it can be seen that regular steel mesh reinforcement is the best scoring of

Figure D.15: Weighted sub-criteria scores B. regular cement

the considered alternatives when the sub-crietria get a weight of 0.5, followed by Alternative 1, PP-fibres.

From figures D.17 and D.18 it can be seen that regular steel reinforcement scores the best in both cases.
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Figure D.16: Weighted sub-criteria scores B. eco2cem cement

Figure D.17: Weighted sub-criteria scores C. regular cement

Figure D.18: Weighted sub-criteria scores C. eco2cem cement

It is also worth noting that when sub-criteria C11 has a weight of 0.25 and C12 0.75, the runner up is

alternative 1, PP fibres. But when C11 has a weight of 0.75 and C12 0.25, the runner up becomes FRP.

D.3.2. Weights of main-criteria
A. C1 gets a weight of 0.5, C2 a weight 1.0 and C3 and C4 get a weight of 0.25;

B. C1 gets a weight of 0.5, C2 a weight 1.0 and C3 and C4 get a weight of 0.125;

C. C1 gets a weight of 0.25, C2 a weight 1.0 and C3 and C4 get a weight of 0.125.

Figure D.19: Weighted criteria scores A. (white), B. (grey) and C. (blue) regular cement

Figure D.20: Weighted criteria scores A. (white), B. (grey) and C. (blue), eco2cem cement

In figures D.19 D.20 A. is not coloured, B. is grey and C. is blue. It can be seen for A. that for both regular

and eco2cem cement, Alternative 1 , PP-fibres, scores best followed by regular steel mesh for regular
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cement and basalt fibre for eco2cem cement. For scenario B. for both regular and eco2cem alternative 5,

coir fibres scores best, followed by basalt fibres. In scenario C. FRP scores best, followed by regular

rebar mesh in the case of regular cement and followed by basalt fibre in case of eco2cem.

D.3.3. Combined weights
Combining B. from the sub-criteria with B. form the main criteria, this results in C. from the main

criteria. This then results in the chosen alternative as argued in 4.5.

D.4. Excluding alternatives
Looking at the results in chapter 4 it can be noted that BFRP comes out on top and carbon scores the

lowest. By then removing these two alternatives, a different scoring start to show. In the regular cement

scenario, the regular reinforcement mesh scores best and in the partial eco2cem scenario the basalt fibre

scores the best, as can be seen in figures D.21 D.22 D.23 D.24.

Figure D.21: Excluding BFRP, regular cement

Figure D.22: Excluding BFRP, eco2cem cement

Figure D.23: Excluding BFRP and carbon fibre reinforcement, regular cement

Figure D.24: Excluding BFRP and carbon fibre reinforcement eco2cem cement
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D.5. Setting the min and max values outside of the ranges of vari-
ables

For this check, the maximum and minimum were increased/decreased by 10 % on each side of the

range. This results in the figures and scores as seen in figure D.26 D.25.

Figure D.25: Extended range, regular cement

Figure D.26: Extended range, eco2cem cement

The figure D.26 shows that regular mesh reinforcement, scores best, followed by alternative FRP and

alternative A1, PP-fibre.

Figure D.25 shows that regular mesh reinforcement, scores best, followed by alternative FRP and

alternative A1, PP-fibre.

D.6. Conclusion of sensitivity analysis
An overview of the ranking per method used in the sensitivity analysis can be seen in table D.1. In this

table nr.1 comes best in the ranking of a specific analysis method and nr. 9 is the worst variant according

to the same method.

The sensitivity analysis highlights that the outcome of the MCA is significantly influenced by the choice

of analysis method, scoring approach, and weighting of criteria. While the top-performing alternatives

tend to remain within a narrow score range across methods, their relative rankings can shift depending

on these parameters. Notably, alternatives A2 and A3 – glass and carbon fibre – consistently rank lower

and do not lead in any of the scenarios studied. This demonstrates that although the MCA offers a

structured framework for decision-making, it is sensitive to methodological choices. Therefore, when

applying this approach in practice, it is essential to clearly justify the selected weights and scoring

systems to ensure transparency and reproducibility in the decision process.

1
A1: Polypropylene Fibres

2
A2: Glass Fibres

3
A3: Carbon Fibres

4
A4: Basalt Fibres

5
A5: Coir Fibres

6
A6: Hemp Fibres

7
A7: Steel Fibres

8
A8: Basalt fibre reinforced polymer (BFRP) bars

9
A9: Standard steel mesh
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Table D.1: Ranking of sensitivity analysis

nr. 1 nr. 2 nr. 3 nr. 4 nr. 5 nr. 6 nr. 7 nr. 8 nr. 9

Logarithmic linear interpolation A1
1

A9
9

A8
8

A4
4

A7
7

A2
2

A6
6

A5
5

A3
3

regular cement version 1

Logarithmic linear interpolation A1 A9 A8 A4 A7 A2 A6 A5 A3

eco2cem cement version 1

Logarithmic linear interpolation A8 A9 A4 A6 A1 A2 A5 A7 A3

regular cement version 2

Logarithmic linear interpolation A8 A9 A6 A4 A1 A2 A5 A7 A3

eco2cem cement version 2

Exponential linear interpolation A8 A9 A5 A3 A6 A7 A4 A2 A1

regular cement version 1

Exponential linear interpolation A8 A6 A9 A5 A3 A4 A7 A1 A2

eco2cem cement version 1

Exponential linear interpolation A8 A9 A5 A4 A7 A6 A1 A2 A3

regular cement version 2

Exponential linear interpolation A8 A9 A5 A4 A7 A6 A1 A2 A3

eco2cem cement version 2

Ranking method A8 A9 A4 A6 A5 A2 A1 A7 A3

regular cement

Ranking method A8 A9 A6 A4 A5 A2 A1 A7 A3

eco2cem cement

Weights sub-criteria A9 A1 A8 A4 A7 A5 A2 A6 A3

regular cement version A

Weights sub-criteria A9 A1 A4 A8 A7 A5 A2 A6 A3

eco2cem cement version A

Weights sub-criteria A9 A1 A8 A7 A4 A6 A5 A2 A3

regular cement version B

Weights sub-criteria A9 A1 A8 A7 A4 A6 A5 A2 A3

eco2cem cement version B

Weights sub-criteria A9 A1 A8 A7 A4 A5 A6 A2 A3

regular cement version C.1

Weights sub-criteria A9 A1 A8 A7 A4 A5 A6 A2 A3

eco2cem cement version C.1

Weights sub-criteria A9 A8 A7 A1 A4 A6 A2 A5 A3

regular cement version C.2

Weights sub-criteria A9 A8 A7 A1 A4 A6 A2 A5 A3

eco2cem cement version C.2
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Weights main-criteria A1 A9 A4 A8 A5 A2 A7 A6 A3

regular cement version A

Weights main-criteria A1 A4 A8 A9 A5 A2 A6 A7 A3

eco2cem cement version A

Weights main-criteria A5 A4 A1 A8 A9 A2 A6 A7 A3

regular cement version B

Weights main-criteria A5 A4 A1 A8 A9 A2 A6 A7 A3

eco2cem cement version B

Weights main-criteria A8 A9 A4 A1 A5 A6 A2 A7 A3

regular cement version C

Weights main-criteria A8 A4 A1 A9 A5 A6 A2 A7 A3

eco2cem cement version C

Final weights criteria A8 A9 A1 A4 A6 A5 A2 A7 A3

regular cement

Final weights criteria A8 A4 A1 A9 A5 A6 A2 A7 A3

eco2cem cement

Excluding BFRP A9 A4 A1 A5 A6 A2 A7 A3 -

regular cement

Excluding BFRP A4 A1 A9 A5 A6 A2 A7 A3 -

eco2cem cement

Excluding BFRP and carbon fibre A9 A4 A6 A5 A1 A2 A7 - -

regular cement

Excluding BFRP and carbon fibre A4 A6 A9 A5 A1 A2 A7 - -

eco2cem cement

Extended range A9 A8 A1 A4 A6 A5 A2 A7 A3

regular cement

Extended range A8 A1 A4 A9 A5 A6 A2 A7 A3

eco2cem cement



E
LS-Dyna results

E.1. SLS models
The material models were verified by comparing hand calculations for sag to model computations of

vertical displacement, using the same load. The hand calculation was computed for a non-reinforced

slab and a regular reinforced slab. The sag was also computed for the fibre reinforced concrete model,

even though no hand calculations were performed for that model. The hand calculations, using the

following formula

𝑤 =
5

384

· 𝑞 · 𝑙
4

𝐸𝐼
(E.1)

with;

• E = 33 GPa

• I =

1

12(1 − 𝜐2) · 𝑏 · ℎ3

• l = 2.4 m

• q = 9.9525 𝑘𝑁/𝑚2

The sag was found to be equal to 1.51 mm, which differs from the model outcome of the steel reinforced

model roughly 0.15 mm.

Figure E.1: SLS, model without reinforcement
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Figure E.2: SLS, model witt steel mesh reinforcement

Figure E.3: SLS, model with basalt fibre reinforcement

E.2. Crack width development, shrinkage without discrete beams
E.2.1. Non-reinforced model

(a) Shrinkage cracks at t=0.51 (b) Shrinkage cracks at t=2.23

Figure E.4: Resultants from LS-Dyna for model without reinforcement
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(a) Shrinkage cracks at t=2.24 (b) Shrinkage cracks at t=3.0

Figure E.5: Resultants from LS-Dyna for model without reinforcement

(a) Shrinkage cracks at t=3.01 (b) Shrinkage cracks at t=8.0

Figure E.6: Resultants from LS-Dyna for model without reinforcement

E.2.2. Steel mesh reinforced model

(a) Shrinkage cracks at t=0.51 (b) Shrinkage cracks at t=2.2

Figure E.7: Resultants from LS-Dyna for model with reinforcement

(a) Shrinkage cracks at t=2.36 (b) Shrinkage cracks at t=2.69

Figure E.8: Resultants from LS-Dyna for model with reinforcement

(a) Shrinkage cracks at t=2.70 (b) Shrinkage cracks at t=8.0

Figure E.9: Resultants from LS-Dyna for model with reinforcement
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E.2.3. Basalt fibre reinforced model

(a) Shrinkage cracks at t=0.51 (b) Shrinkage cracks at t=2.24

Figure E.10: Resultants from LS-Dyna for model with fibre reinforcement

(a) Shrinkage cracks at t=2.25 (b) Shrinkage cracks at t=2.33

Figure E.11: Resultants from LS-Dyna for model with fibre reinforcement

(a) Shrinkage cracks at t=2.93 (b) Shrinkage cracks at t=2.94

Figure E.12: Resultants from LS-Dyna for model with fibre reinforcement

Figure E.13: Resultants from LS-Dyna for model with fibre reinforcement, Shrinkage cracks at t=8.0

E.3. Crack width development, shrinkage with discrete beams
E.3.1. Non-reinforced model

(a) Shrinkage cracks at t=0.51 (b) Shrinkage cracks at t=2.23

Figure E.14: Resultants from LS-Dyna for model without reinforcement
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(a) Shrinkage cracks at t=2.27 (b) Shrinkage cracks at t=2.28

Figure E.15: Resultants from LS-Dyna for model without reinforcement

(a) Shrinkage cracks at t=2.29 (b) Shrinkage cracks at t=3.01

Figure E.16: Resultants from LS-Dyna for model without reinforcement

(a) Shrinkage cracks at t=3.06 (b) Shrinkage cracks at t=3.07

Figure E.17: Resultants from LS-Dyna for model without reinforcement

Figure E.18: Resultants from LS-Dyna for model with fibrereinforcement, Shrinkage cracks at t=8.0

E.3.2. Steel mesh reinforced model

(a) Shrinkage cracks at t=0.51 (b) Shrinkage cracks at t=2.29

Figure E.19: Resultants from LS-Dyna for model with reinforcement
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(a) Shrinkage cracks at t=2.32 (b) Shrinkage cracks at t=2.33

Figure E.20: Resultants from LS-Dyna for model with reinforcement

(a) Shrinkage cracks at t=2.70 (b) Shrinkage cracks at t=2.71

Figure E.21: Resultants from LS-Dyna for model with reinforcement

Figure E.22: Resultants from LS-Dyna for model with fibrereinforcement, Shrinkage cracks at t=8.0

E.3.3. Basalt fibre reinforced model

(a) Shrinkage cracks at t=0.51 (b) Shrinkage cracks at t=2.28

Figure E.23: Resultants from LS-Dyna for model with fibre reinforcement

(a) Shrinkage cracks at t=2.29 (b) Shrinkage cracks at t=3.12

Figure E.24: Resultants from LS-Dyna for model with fibre reinforcement
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(a) Shrinkage cracks at t=3.13 (b) Shrinkage cracks at t=8.0

Figure E.25: Resultants from LS-Dyna for model with fibrereinforcement



F
Wind load model

F.1. Figures from rhino model

Figure F.1: Showcasing the rhino model of the floor slab studied in this chapter

Figure F.2: Showcasing the rhino model of the core, for the slab studied in this chapter
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Figure F.3: Showcasing the rhino model of the beams, for the floor slab studied in this chapter

Figure F.4: Showcasing the rhino model of the edge beam under subjected to windloads, for the floor slab studied in this chapter
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