
 

 

 

 

Mechanical Characterization of 

Carbon Fiber Textile-Reinforcement 

Mortar as Strengthening System for 

Concrete Structures 

  

 

Work performed by: 

Farbod Izadi 
 

 

Supervised by: 

Juan Murcia Delso 

Eva Maria Oller Ibars  

 

Extern supervisor: 

Kevin Isaac Escobar 

 

 

Masterôs Degree: 

Structural and Construction Engineering 

 

 

Barcelona, May 2024  

 

Department of Civil and Environmental Engineering 

UPC 

F
in

a
l M

a
st

e
r T

h
e

si
s 

Escuela de Caminos 
Escuela T®cnica Superior de Ingenier²a de Caminos, Canales y Puertos 

UPC BARCELONATECH 



2 

 

Table of Contents 
Table of Contents ............................................................................................................................ 2 

List of Figures ................................................................................................................................. 5 

List of Tables ................................................................................................................................... 9 

Acknowledgment ...........................................................................................................................11 

Abstract ......................................................................................................................................... 12 

1. Introduction ........................................................................................................................... 13 

1.1 Justification and Motivation ................................................................................... 13 

1.2 Research Goal and Scope ....................................................................................... 14 

1.3 Methodology .......................................................................................................... 14 

1.4 Document Organization.......................................................................................... 14 

2. State of the art ........................................................................................................................ 16 

2.1 TRM for strengthening concrete structures ............................................................ 16 

2.2 Tensile properties of TRM ...................................................................................... 17 

2.2.1 Failure modes in the TRM ............................................................................................ 18 

2.2.2 Tensile stress-strain response ........................................................................................ 19 

2.2.3 Prevention of slippage in TRM: .............................................................................. 20 

2.2.4 Types of failures: .......................................................................................................... 21 

2.2.5 Hartig et al. (2012) .................................................................................................. 22 

2.2.6 Ascione et al. (2015) ............................................................................................... 22 

2.2.7 De Santis et al. (2017) ............................................................................................. 23 

2.2.8 T. DôAntino and Catherine (Corina) Papanicolaou (2017) ..................................... 24 

2.2.9 T. DôAntino and Catherine (Corina) Papanicolaou (2017) ..................................... 24 

2.3 Bond properties TRM ............................................................................................. 25 

2.3.1 The failure modes in bond shear lab test: ............................................................... 27 

2.3.2 DôAmbrisi et al. (2012) ........................................................................................... 27 

2.3.3 Ombres (2015) ........................................................................................................ 28 

2.3.4 Dô Antino (2014) and Sneed et al. (2015) ............................................................... 29 

2.3.5 Sabau et al. (2017) .................................................................................................. 30 

2.3.6 Tommaso Rotunno (2023) ...................................................................................... 30 

2.4 Confinement TRM.................................................................................................. 31 

2.4.1 The types of failure: ................................................................................................ 33 



3 

 

2.4.2 The parameters that impact the confinement test: .................................................. 34 

2.4.3 Ortlepp (2009) ......................................................................................................... 34 

2.4.4 Thermou (2015) ...................................................................................................... 35 

2.4.5 Colajanni (2014) ..................................................................................................... 36 

2.4.6 Ombres (2017) ........................................................................................................ 37 

3. Tensile Characterization of Carbon TRM .............................................................................. 39 

3.1 Introduction ............................................................................................................ 39 

3.2 Tensile Strength of Carbon Meshes ........................................................................ 39 

3.2.1 Materials ................................................................................................................. 39 

3.2.2 Process of Preparation............................................................................................. 40 

3.2.3 Test Setup ................................................................................................................ 41 

3.2.4 Results and Discussion ........................................................................................... 46 

3.3 Tensile testing of Carbon TRM .............................................................................. 48 

3.3.1 Experimental Procedure .......................................................................................... 48 

3.3.2 Mortar characterization ........................................................................................... 53 

3.3.3 Tensile test set-ups .................................................................................................. 58 

3.3.4 Results and Discussion ........................................................................................... 62 

4. Lap Shear Tests on Carbon TRM .......................................................................................... 74 

4.1 Introduction ............................................................................................................ 74 

4.2 Experimental Program ............................................................................................ 74 

4.2.1 Specimen preparation and test set-up ..................................................................... 74 

4.2.2 Material Properties .................................................................................................. 78 

4.2.3 Data extraction and analysis ................................................................................... 81 

4.3 Experimental Results and Discussion .................................................................... 82 

4.3.1 Failure modes: ......................................................................................................... 84 

5. Confinement tests for Carbon TRM ...................................................................................... 87 

5.1 Introduction ............................................................................................................ 87 

5.2 Experimental program ............................................................................................ 87 

5.2.1 Specimen preparation.............................................................................................. 87 

5.2.2 Test Specimens and Set-up ..................................................................................... 89 

5.3 Experimental results and discussion ....................................................................... 93 

5.3.1 Stress-Strain response ................................................................................................... 95 



4 

 

5.3.2 Failure modes ............................................................................................................... 96 

6. Conclusions ........................................................................................................................... 98 

6.1 Basic Properties of Carbon Textile ......................................................................... 98 

6.2 Tensile properties of Carbon TRM ......................................................................... 98 

6.3 Single-Lap Shear Tests on Carbon TRM ................................................................ 99 

6.4 Concrete Confinement with Carbon TRM ............................................................. 99 

6.5 Recommendations for future research .................................................................. 100 

7. References ........................................................................................................................... 102 

APPENDIX ................................................................................................................................. 108 

A1 TRM Tensile test ............................................................................................................... 108 

A2 Lap-Shear test .....................................................................................................................117 

A3 Concert Confinement test .................................................................................................. 120 

 

  



5 

 

List of Figures 
Figure 1. Pictures of (a) Carbon Fiber,(b) Glass Fiber, (c) Basalt Fiber, (d) Polyphenylene 

Bezobisoxazole Fiber [15] ............................................................................................................ 17 

Figure 2. Identification of different response stages according to the idealized (dashed lines) 

trilinear stress-strain response of specimens with (a) and (b) without, the presence of Stage 2 [5]

....................................................................................................................................................... 19 

Figure 3. The set-ups prevent slippage of TRM (a) Set-up from Jess [22], (b) Set-up from Molter 

[24], the picture taken from Hartig, J [2] ...................................................................................... 21 

Figure 4. The images depict experimental stress-strain relationships and photographs of typical 

failed specimens, (a) In Series 1, uncoated AR-glass fibers were used, (b) In Series 2, polymer-

coated AR-glass fibers were employed [2]. .................................................................................. 22 

Figure 5. The pictures above show the stress-strain diagrams of the tests [3] .............................. 23 

Figure 6. The crackôs location of (a) Basalt-stainless steel textile, (b) Carbon textile, (c) Steel 

textile with fiber reinforcement mortar, (d) AR-glass and aramid yarns. Steel textile with 

mineral-NHL mortar [4] ................................................................................................................ 23 

Figure 7. Comparison between tensile tests on rectangular prism (envelope curves) and dumbbell 

specimens comprising (a) coated carbon, (b) uncoated carbon, (c) coated glass, and (d) 

galvanized steel [30] ..................................................................................................................... 24 

Figure 8. The diagrams of stress-strain of the tested specimens [5] ............................................. 25 

Figure 9. Pictures (a) and (b) are the schematic of the single-lab shear test................................. 26 

Figure 10. Pictures (a) and (b) are the schematics of the double-lab shear test ............................ 26 

Figure 11. (a) Idealized load P vs. global slip g response, (b) Stressïtransfer mechanism stages 

corresponding to different points of the idealized Pīg response [21] .......................................... 27 

Figure 12. Pictures (a) and (b) are the specimens of DôAmbrisi et al. (2012) failure mode, (c) 

Shear strength of some tested specimens without calibration [31] ............................................... 28 

Figure 13 Series I specimens: bond stress-slip curves. (A.1.Lb and B.1.Lb single layer 

strengthened specimens; A.2.Lb and B.2.Lb double layers strengthened specimens; [7] ............ 29 

Figure 14. The stress-strain diagrams of (a) Single-lap shear test Dô Antino 2014 [6], (b) double-

lap shear test Sneed et al. 2015 [8] ............................................................................................... 30 

Figure 15. The stress-global slip of species tested by Sabau et al. (2017) [9] .............................. 30 

Figure 16. Pictures of the failure of introduce surface flat (a), (b) and (c) intrados surface and  (d) 

flat surface (e) extrude surface [10] .............................................................................................. 31 

Figure 17. (a) Concrete elements subjected to axial loads and confined with TRM jackets; (b) 

Overlap of the final layer of TRM; and (c) Impact of reinforcement on axial stress-strain curves 

[15]. ............................................................................................................................................... 32 

Figure 18. Failure modes of TRM-confined concrete elements: (a) Debonding at the end of the 

confined element; and (b) Rupture of the jacket in the length of the confined element, data from 

[37] ................................................................................................................................................ 33 

Figure 19. The load-carrying capacity of the reinforced specimens independent of the geometry 

[11] ................................................................................................................................................ 35 

Figure 20. The diagrams of the average stress-strain curves for all types of SRG jackets in 

specimens of (a) Group A, (b) Group B [13] ................................................................................ 36 

Figure 21. Specimens' failures that extracted from Ombress 2017 [14] ....................................... 38 



6 

 

Figure 22. The mesh sizes: (a) longitudinal (b) transversal direction ........................................... 39 

Figure 23. Pedestals made to hold the carbon fibers to absorb resins .......................................... 40 

Figure 24. (a) carbon fiber without component B, (b) carbon fiber impregnated with Component 

B, (c) carbon fiber impregnated with MapeWrap 21 .................................................................... 40 

Figure 25. (a) Tabs glued by HILTI resin, (b) Tabs glued by Sikadur resin (c) 2 Specimens of 

textile with 4 bundles and 1 bundle .............................................................................................. 41 

Figure 26. Jawsô pressure: (a) from down, (b) from the top part, (c) the surface of the jaws, (d) 

the specification of the jaws in terms of thickness holding .......................................................... 42 

Figure 27. Experimental set-up: (a) and (b) are one and 4 bundles without resin and clamping 

grip method of batch A, (c) and (d) are 1 and 4 are bundles with resin and clamping grip method 

of batch B, (e) and (f) are 1 and 4 bundles with the resin of batch C and clevis gripping method, 

(g) is 4 bundles with resin and clamping method. ........................................................................ 43 

Figure 28. The diagram of stress-strain of carbon fiber that pictures: (a) batch A-4 bundles, (b) 

batch A-1 bundles, (c) batch B-4 bundles, (d) batch B-1 bundle, c. batch C-4 bundles, f. batch C-

1 bundle, (g) batch D-4 bundles .................................................................................................... 45 

Figure 29. Pictures of (a) the failure of 4 bundles of batch A, (b) the tabs and Hilti resin of batch 

A, (c) the failure of 1 bundleôs specimen of batch A .................................................................... 46 

Figure 30. (a) and (b) are the failure of 1 bundle batch B, (c) the failure of 4 bundles of batch B

....................................................................................................................................................... 47 

Figure 31. pictures of (a) and (b) are the failure of 1 bundle batch C, (c) the failure of 3 bundles 

of batch C ...................................................................................................................................... 47 

Figure 32.  (a) and (b) the failure of 4 bundles of batch D ........................................................... 48 

Figure 33. (a) the carbon fiber with the size of φππφππά, (b) The cutting carbon fiber located 
inside the mold recommended by AC434 [44] ............................................................................. 49 

Figure 34. (a) the invented wooden mold, (b) the textiles cut to be cast inside the mold ............ 49 

Figure 35. (a) hand mortar Stirrer, (b) mixing the Component A and B, (c) The mixture machine

....................................................................................................................................................... 50 

Figure 36. The process of TRM preparation of batches 1 and 2 inside the recommended mold of 

AC434 [44], (a) the first layer of the mortar, (b) casting the prepared textile to the top of the first 

layer, (c) the second layer of matrix on the mortar. ...................................................................... 51 

Figure 37. (a) The cast of the first layer of the matrix (b) the fabrication of the textile, (c) the 

second layer of the mortar with embedded textile, (d) The prepared TRM specimens ................ 51 

Figure 38. (a) and (b), show the unmolding process from the mold made by AC434[44] ........... 52 

Figure 39. (a) (b) and (c) are the process of cutting the specimens of batches 1 and 2 via a 

concrete saw .................................................................................................................................. 52 

Figure 40. Unmoulding the specimens of batches made inside wooden molds, (a) dried 

specimens. (b) unmoulded specimens........................................................................................... 52 

Figure 41. (a) the metallic mold based on BS EN 1015-11 [51], (b) the first layer hit by a tamper, 

(c) the mortar flatted via a palette knife ........................................................................................ 53 

Figure 42. The unmolded specimens ............................................................................................ 54 

Figure 43. (a) The specimens were labeled, (b) the machine that the flexural test was performed 

by, (c) The specimen was prepared for the test ............................................................................. 54 



7 

 

Figure 44. (a) The specimen broke from the middle into two pieces, (b) the specimen was 

prepared for the compression test ................................................................................................. 54 

Figure 45. (a) compression machine Ibertest 200, (b) the specimen placed within the machine, (c) 

and (d) both parts of the specimen broke under the flexural force ............................................... 56 

Figure 46. vibrating the specimen with a vibrator ........................................................................ 57 

Figure 47, (a)  the length of the specimen that glued with Sikadur 30, (b) The clevis grip method 

that glued with the metallic tabs ................................................................................................... 59 

Figure 48.  pictures (a) The rubber was located under the specimen, (b) the Rilem set-up, (c) The 

crack made by the stiffing process, d. Rilem method of the specimensô batches 1 and 2 ............ 59 

Figure 49. (a) The specimen was held via Rilem method, (b) The specimen was clamped via 

Instron 8800 and the cracks appeared during clamping ................................................................ 60 

Figure 50. the specimens (a) before bonding the tabs via Sikadur 30, (b) the specimens after 

bonding the tabs ............................................................................................................................ 60 

Figure 51. Clevis grip and grip modified method of (a) batch 3, (b) batch 4, (c) batch 5, (d) batch 

6..................................................................................................................................................... 61 

Figure 52. Diagrams of Batch 1 and 2 with (a) Clevis grip method, (b) Rilem Method .............. 63 

Figure 53. The types of failure of batches 1 and 2 with Clevis grip method ................................ 64 

Figure 54. (a) and (b) show the cracks close to the clamping area, pictures (c) and (d) are the 

failures close to the clamping area ................................................................................................ 65 

Figure 55. (a) and (b) show the telescopic failure among the filaments, (c) shows the failure 

mode B of all tested specimens without strand ruptures ............................................................... 65 

Figure 56. The stress-strain diagram of (a) batch 3 (b) batch 4 .................................................... 66 

Figure 57. (a) Failure mode of specimen 1 (b) failure mode of specimen 2, (c) failure of 3rd 

specimen, (d) failure of the specimen 4, (e) failure of the specimen 5 ......................................... 67 

Figure 58. The failure of (a) specimen 1: failure mode C with crack in the matrix, (b) specimen 2, 

failure mode C with delamination, (c) specimen 3 and d. specimen 4; failure mode C with 

filaments ruptures in some strands, (e) specimen 5 failure mode c with delamination ................ 68 

Figure 59. The cracks distribution in the length of specimens of batch 4 .................................... 68 

Figure 60. The stress-strain diagram of the batch 5 (a) Conventional Mortar, (b) Planti Top 

mortar ............................................................................................................................................ 69 

Figure 61. failures of the specimens from batch 5 that series N identified as (conventional 

mortar) and series M identified as Planti Top mortar ................................................................... 70 

Figure 62, the stress-strain diagram of (a) Portland cement batch 6, (b) Planti Top cement batch 

6, (c) Mapgrout cement batch 6 .................................................................................................... 71 

Figure 63. The failure of the specimens of batch 6 with 3 different mortars, figure 63 was 

captured by Kevin Issac Escobar .................................................................................................. 72 

Figure 64. (a) Concrete prims after pouring, (b) Concrete prims after 28 days of curing, (c) 

Cleaned concrete surface, and (d) Concrete surface preparation to improve adherence to TRM. 75 

Figure 65 TRM preparation procedure from cleaning the surface to casting the second layer of 

the mortar ...................................................................................................................................... 77 

Figure 66. Single-lap shear test set-up .......................................................................................... 77 

Figure 67. The experimental set-ups for  (a) Compression test, (b) Splitting tensile test, (c) The 

modulus test on concrete cylinders. .............................................................................................. 79 



8 

 

Figure 68. The Loading cycles implemented for the modulus tests. ............................................ 79 

Figure 69. The applied load over global slip and displacement ................................................... 83 

Figure 70. The suggested failure mode of [21] ............................................................................. 84 

Figure 71. The failure from (a)  batch A, (b) batch B, (c) Batch C............................................... 85 

Figure 72. The failure of (a) batch D, (b) batch E ........................................................................ 86 

Figure 73. Specimens (a) batch 1, (b) batch 2 .............................................................................. 88 

Figure 74. The process of confinement (a) first layer, (b) 2 layers of textile, (c) the 5 mm layer of 

mortar applied to the textile .......................................................................................................... 89 

Figure 75. The specimens were placed to tests for (a) modulus test, (b) splitting test of  batches 1 

and 2 .............................................................................................................................................. 91 

Figure 76. Cycles of loading used for the modulus tests batch 2. ................................................ 91 

Figure 77. The compressive strength of specimens of batch 1 and 2 (a) without TRM, (b) with 

TRM .............................................................................................................................................. 92 

Figure 78. The stress over displacement of the cylindrical specimens (a) with TRM batch 1, (b) 

without TRM batch 1, (c) with 1 layer of TRM batch 2, (d) without TRM batch 2, (e) with 2 

layers of TRM ............................................................................................................................... 95 

Figure 79. The confined specimens of batch 1 ............................................................................. 97 

Figure 80 the pictures of confined specimens of batch 2  one layer of textile pictures 1, b,c, and 

d. 2 layers of textile pictures 2 to 4 ............................................................................................... 97 

Figure 81. The pictures of (a), (c), (e), (g),(I), (k), (m), (o), (q) and (b), (d),(f), (h), (j), (l), (n), (p), 

and È, are the diagrams of applied load over displacement of the specimens of batches 1 to 6 for 

Flexural and compressive strength from ......................................................................................113 

Figure 82. Displacement over applied force diagram in flexure tests of batch A ........................117 

Figure 83. Displacement over applied force diagrams in compression tests of batch A .............117 

Figure 84. Displacement over applied force diagram in flexure tests .........................................118 

Figure 85. Displacement over applied force diagrams in compression tests batch B ..................119 

Figure 86. Displacement over applied force diagram in flexure tests of batch A ....................... 120 

Figure 87. Displacement over applied force diagrams in compression tests of batch A ............ 121 

Figure 88. Displacement over applied force diagram in flexure tests batch B ........................... 122 

Figure 89. Displacement over applied force diagrams in compression tests batch B ................. 122 

 

  



9 

 

List of Tables 
Table 1. The results of testing for cylindrical specimens series A ................................................ 37 

Table 2. The results of testing for cylindrical specimens series B ................................................ 37 

Table 3. The results of testing for square specimens series B ....................................................... 37 

Table 4   Results of tensile tests of textile properties of Batch A, B, C, and D with 4 bundles .... 44 

Table 5 Results of tensile tests of textile properties of Batch A, B, C, and D with 1 bundle ....... 44 

Table 6. Average results of flexure tests over mortar specimens of all batches with coefficient of 

variation ........................................................................................................................................ 55 

Table 7. Results of compression tests over half mortar specimens of all batches ........................ 57 

Table 8. Average Stress, strain, and modulus of elasticity of all batches ...................................... 62 

Table 9. Concrete Dosage ............................................................................................................. 74 

Table 10. The dimensions of the applied mortar with embedded resin on the concrete blocks ... 78 

Table 11. The result of the concrete characterization ................................................................... 80 

Table 12. Results of shear lab test ................................................................................................. 82 

Table 13. concrete dosage ............................................................................................................. 88 

Table 14. Measurement of the height in three points and mass of the cylinders with and without 

TRM of batch 1 ............................................................................................................................. 90 

Table 15. Measurement of the height in three points and mass of the cylinders with and without 

TRM of batch 2 ............................................................................................................................. 90 

Table 16. Concrete characteristic of the specimens batch 1 ......................................................... 92 

Table 17. Concrete characteristic of the specimens batch 2 ......................................................... 93 

Table 18. Results of specimens with and without TRM ............................................................... 94 

Table 19. The flexural strength of the different mortars with the dimensions ............................ 108 

Table 20. The compression strength of different mortars ........................................................... 109 

Table 21. Dimensions of TRM specimens with carbon fibers .....................................................114 

Table 22. The stress, strain and modulus elasticity of TRM specimens with carbon fibers ........115 

Table 23. Dimensions and weight of mortar specimens of batch A .............................................117 

Table 24. Results of flexure tests over mortar specimens of batch A ..........................................117 

Table 25. Results of compression tests over half mortar specimens of batch A ..........................118 

Table 26. Dimensions and weight of mortar specimens of batch B .............................................118 

Table 27. Results of flexure tests over mortar specimens batch B ..............................................118 

Table 28. Results of compression tests over half mortar specimens ............................................119 

Table 29. Dimensions and weight of mortar specimens ............................................................. 120 

Table 30. Results of flexure tests over mortar specimens of batch A ......................................... 120 

Table 31. Results of compression tests over half mortar specimens from batch A .................... 121 

Table 32. Dimensions and weight of mortar specimens batch B ................................................ 121 

Table 33. The results of flexural test batch B ............................................................................. 122 

Table 34. Results of compression tests over half mortar specimens ........................................... 122 

 

  



10 

 

 

Dedication 

 

To my dear Mother and Father, 

thank you for being the greatest parents. Your presence has given me the wings to fly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

Acknowledgment  
I would like to express my deepest gratitude to Professor Juan Murcia-Delso and Eva Maria Oller 

Ibars, for their unwavering support and invaluable guidance throughout this research project. Their 

expertise and insights have been instrumental in shaping the direction of this work. 

I am also grateful to Professor Kevin Issac Escobar, for his support that made this research 

possible. His supervision enabled me to conduct experiments, gather data, and analyze results 

effectively. 

I would like to extend my appreciation to Tomas Garcia Vicente, Ernest Craus Perez, and the other 

laboratory staff for their assistance in experimental procedures. Their contributions greatly 

enhanced the quality and rigor of this study. 

Special thanks are also due to my cousin Kambiz Hassanzadeh, and Clara Restrepo Lopez for their 

encouragement and moral support during moments of doubt and difficulty. Their belief in my 

abilities kept me motivated and focused throughout the writing process. 

I'm forever indebted to my dearest mentor Jamshid Shaikhahmadi, for his infinite kindness and 

greatness and it is my honor to be his disciple. 

Lastly, I want to thank my family and friends for their patience, understanding, and encouragement 

throughout this journey. Their unwavering support has been a constant source of strength and 

inspiration. 

 

 

Farbod Izadi 

April 29, 2024 

   Barcelona  

 

 

 

 

 

 

 

 

 

 

https://www.atem.upc.edu/juanmurcia/
https://www.atem.upc.edu/eva-oller-ibars/
https://www.atem.upc.edu/eva-oller-ibars/
https://futur.upc.edu/KevinIsaacEscobar
https://es.linkedin.com/in/tomas-garcia-59590a15
https://es.linkedin.com/in/ernest-craus-perez/en


12 

 

Abstract 
This study provides a thorough examination of carbon fiber textile-reinforced mortar (TRM) as a 

robust system for strengthening concrete structures. The investigation encompasses three key 

aspects: tensile behavior analysis, bond strength assessment with concrete, and effectiveness in 

concrete confinement. The study investigates the influence of parameters such as textile coating, 

test set-up, and bonding length to provide insights into TRM behavior under diverse conditions. 

Tensile tests are conducted on carbon fiber using various setups, including clamping and clevis 

grip methods, and two types of epoxy resins, to evaluate stress, strain, and modulus elasticity. 

Tensile tests on TRM are also conducted using three different types of cement mortar (with and 

without fibers), each impregnated with carbon textiles infused with two different epoxy resins, to 

determine stress, strain, and modulus of elasticity under various set-ups and material 

configurations. 

Lap shear tests explore the bond between TRM and concrete, investigating different bond lengths 

to identify effective bond length, the impact of bond length on shear strength, and the effect of the 

beam length on the results. 

Furthermore, compression tests on concrete cylinders wrapped with TRM elucidate the impact of 

varying layers of carbon fiber under compression loads and investigate the effect of confining on 

different compressive resistances of the concrete. 

This research contributes valuable data and knowledge related to the performance of TRM, aiming 

to facilitate the optimization and application of this material as an effective solution for 

strengthening concrete infrastructure. 
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1. Introduction 
This thesis presents an experimental investigation on the basic mechanical properties of textile 

reinforced mortar (TRM) as strengthening system for existing concrete structures. The 

investigation comprises tension tests aimed at characterizing the tensile strength and stiffness of 

TRM, lap shear tests to examine its bond to concrete, and compression tests on concrete cylinders 

wrapped with TRM to explore its effects on concrete confinement. 

 

1.1 Justification and Motivation  

In contemporary engineering, reinforcing existing structures has become imperative to tackle 

various challenges, including aging infrastructure, evolving design standards, and environmental 

concerns. Among the array of techniques available for structural enhancement, Textile Reinforced 

Mortar (TRM) emerges as a versatile solution. Comprising high-strength fibers embedded within 

inorganic matrices like cement or hydraulic-lime-based mortars, TRM offers myriad advantages. 

Its utilization of textiles in an open-mesh configuration ensures cost-effectiveness, ease of 

application, and compatibility with diverse substrates such as concrete and masonry. Consequently, 

TRM has garnered increasing attention as a preferred alternative to conventional methods like 

Fiber Reinforced Polymers (FRP). While TRM initially found predominant application in concrete 

reinforcement, its potential for strengthening masonry structures has become increasingly evident, 

addressing some of the limitations associated with FRP systems. 

The composition of textile mesh materials such as carbon, glass, basalt, or Polyphenylene 

Bezobisoxazole fiber textiles in TRM involves strategically arranged fiber roving in multiple 

orientations, spaced apart to allow mesh formation, and perforations facilitating mechanical 

interlocking with the matrix. The process of TRM jacketing entails meticulous surface preparation, 

successive applications of mortar layers, fiber impregnation, and a final mortar application. The 

design and construction of this type of strengthening demands for standardized design guidelines 

to facilitate widespread adoption. In this context, the publication of ACI 549.4R [1] represents a 

pivotal milestone in establishing such guidelines, particularly for externally bonded textile-based 

systems geared towards the repair and strengthening of concrete and masonry structures. 

A significant number of investigations have been conducted to characterize the basic mechanical 

properties of TRM systems. Researchers have delved into the tensile behavior of TRM as a 

composite material, examining its ultimate stress and strain and modulus of elasticity [2-3-4-5]. 

The examination of the bond between TRM and the concrete substrate is also crucial as it directly 

impacts the effectiveness of TRM system in structural strengthening applications. The effect of the 

bonded length and the TRM capacity was investigated in several studies [6-7-8-9-10]. Finally, the 

utilization of Textile Reinforced Mortar (TRM) jackets to increase the confinement of concrete 

elements has gained significant attention in the field of structural engineering. A number of studies 

have been conducted on the effectiveness of TRM jackets in enhancing the axial capacity and 

deformation behavior of concrete elements has been extensively investigated [11-12-13-14]. 

Despite these advances, further experimental research is still needed to improve our understanding 

of the possibilities of this material for strengthening applications, and to develop design and testing 

guidelines. 
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1.2 Research Goal and Scope  

The overall goal of this study is to characterize the basic mechanical properties of different TRM 

systems made of carbon fibers for strengthening concrete structures. 

The specific goals of the study are: 

¶ Evaluate the behavior of carbon TRM under tensile loading conditions, focusing on 

response parameters such as ultimate tensile strength, modulus of elasticity, strain at 

failure, and stress-strain behavior. Tests are conducted to understand the performance of 

TRM and identify factors influencing its tensile response, including the effect of the coating 

type on the textile, different matrix composition, textile geometry, impregnation 

techniques, and preparation conditions. 

¶ Investigate the bond strength between TRM and concrete substrates, particularly through 

the single-lap shear test. This test involves externally bonding TRM strip to concrete blocks 

and subjecting the bundles to tensile loading until failure occurs. The objective is to 

understand the bonding mechanisms between TRM and concrete and to identify key 

parameters affecting bond strength, such as fiber roving geometry, different bond lengths, 

surface preparation, and test configurations. The scope includes examining the differences 

between disparate bond lengths from single-lap shear tests, and analyzing failure modes. 

¶ Investigate the effectiveness of TRM in confining concrete elements under axial 

compression. This involves applying TRM layers around cylindrical concrete specimens 

and subjecting them to compression loading to evaluate the enhancement in compressive 

strength and deformation capacity. The objective is to understand the mechanisms of 

passive confinement stresses provided by TRM and to assess its performance in enhancing 

the structural behavior of concrete under axial loading. The scope includes exploring 

various TRM layer configurations, material combinations, application methods, and their 

impact on concrete confinement. 

мΦо Methodology  
Experimental methods have been used to characterize the mechanical properties of the TRM. The 

following testing methods have been selected to meet the goals of this investigation:  

¶ Uniaxial tensile tests: this testing procedure involves subjecting TRM samples with 

rectangular or dumbbell shapes to monotonically increasing tensile loading, up to failure, 

using a universal testing machine.   

¶ Shear lap tests: this testing procedure investigates the bond between TRM and concrete by 

TRM strips bonded to one side of a concrete block until it bond fails. 

¶ Compression tests on concrete cylinders with TRM jackets: this testing procedure involves 

subjecting to uniaxial compression a plain concrete cylinder with a TRM wrap or jacket 

around it, to observe the effect of confinement on the stress-strain response. 

 

мΦп Document Organization 
This thesis is organized into seven chapters. Following this introduction in Chapter 1, Chapter 2 

presents a literature review on strengthening of concrete structures with TRM. Chapter 3 presents 
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the experimental program for the tensile test of carbon TRM, including tensile tests of bare carbon 

fibers, specimen design and fabrication, test set-up, and results and discussion. Chapter 4 presents 

the experimental program for shear lap tests of carbon TRM, including concrete characterization 

tests, specimen design and fabrication, test set-up, and results and discussion. Chapter 5 presents 

the experimental program for concrete confinement with carbon TRM, including concrete 

characterization test, specimen design and fabrication, test set-up, and results and discussion. 

Finally, Chapter 6 presents the main findings and conclusions of this study. 

  



16 

 

2. State of the art  

2.1 TRM for strengthening concrete structures 

Fiber-reinforced composites offer a viable solution to enhance the strength and retrofit structural 

elements, thereby mitigating challenges such as deterioration, aging, environmental degradation, 

lack of maintenance, and the need to meet current design requirements [15]. Among all fiber 

reinforcement composites, Fiber Reinforced Polymer (FRP) has gained significant popularity in 

recent decades due to its desirable properties, including a high strength-to-weight ratio, corrosion 

resistance, ease of use, rapid installation, proportional curing time limitation, and minimal 

alteration of geometry [15-5]. Nevertheless, the utilization of organic resins in FRP comes with 

several drawbacks [16], such as high cost, limited performance in high temperatures, challenging 

installation on saturated surfaces, and incompatibility with substrate materials [15-5]. 

The use of inorganic matrices, such as cement mortars, can address the aforementioned issues 

associated with organic matrices in FRP. However, impregnating and piercing fiber sheets become 

more challenging, due to the size of mortar granules. Even with the use of highly consistent mortar, 

it may not fully fill the fiber bundles compared to organic resin impregnation. Nonetheless, 

inorganic matrices provide high strength and resistance to high temperatures. Textiles are then 

employed to enhance the bonding between fibers and matrices in mortar-based composite 

materials. Additionally, inorganic mortars exhibit good compatibility with concrete and masonry 

substrates, offer quasi-ductile failure, are cost-effective, and are easy to work with for ordinary 

laborers [15-5-17]. 

The fiber composites with inorganic matrices are typically known as textile reinforcement mortar 

(TRM) and it is noticeable that the inorganic matrix does not get classified as concrete, due to the 

small size of the aggregates, factually, the inorganic matrix could be made of cement-or hydraulic-

lime-based mortars, or so on [15]; therefore, the TRM is made of the combination of the textiles 

in open mesh layout and inorganic matrices which are remarked before. 

Textile Reinforced Mortar (TRM) is heralded as a composite material intended to bolster the 

strength of existing structures in new engineering projects. TRM comprises a thin layer of high-

strength mortar reinforced with durable textiles. It's crucial to note that the open mesh integrates 

seamlessly with the mortar, ensuring a strong bond [15-5-17-18].  

Additionally, in the case that the coating gets used on the nonmetallic textile with polymers, the 

stability and the mechanical behavior of the textile fit with the selected matrix, and the stiffness of 

the coated textile gets higher like the metallic fabrics, however, it is demanding to employ the 

coated fibers on the complex geometries [ 15]. Consequently, thanks to some of the advantages of 

the textile reinforcement matrix (TRM) when compared to fiber resistance polymer (FRP), TRM 

is attracting increasing attention for strengthening the existing structures [15]. 

Different commercially-available materials are opted so as to reinforce the structures in 

combinations with mortar containing carbon, glass, basalt, or Polyphenylene Bezobisoxazole fiber 

textiles [15] referring to Figure 1. Each one of the materials relies upon their characterization and 

properties having a different cord, number of twisted filaments, and density which could be 

dissimilar from 1 to 10 ὧέὶὨίȾὧά  [15]. 
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a b c d e 

Figure 1. Pictures of (a) Carbon Fiber,(b) Glass Fiber, (c) Basalt Fiber, (d) Polyphenylene 

Bezobisoxazole Fiber [15]  

Several factors influence the behavior of TRM, including the mixture of the matrix with textiles, 

wherein the material of the matrix affects the strength of the combination. Additionally, it's crucial 

to effectively monitor the impregnation of fibers inside the mortar, as well as assess the thickness 

of the mortar layers to ensure that TRM achieves a strong bond between the fibers and matrix [15]. 

The mortar mix needs carefully graded granules, smooth consistency for easy application, good 

elasticity for flexibility, low viscosity to spread well, and enough shear strength to prevent 

separation from the substrate. That's why mortar serves as the base for the TRM matrix. Adding 

polymers to the fiber-mixing mortar improves its mechanical characteristics and enhances the 

interlocking between the matrix and textile [15]. 

In order to install the TRM overlays and jackets so as to strengthen an element, some steps must 

be followed:  

1. the surface of the element should be cleaned and prepared.  

2. the first layer of the mortar must get added. 

3. the textiles are impregnated in the mortar, and the process gets performed successively until 

all the prescribed textile layers have been installed.  

4. The last layer of the mortar is placed over the last layer of the textile [1-6]. 

 

нΦн Tensile properties of TRM 
In order to determine the properties of the textile in combination with the mortar such as the 

ultimate stress, strain, and module of elasticity, the data mentioned are extracted from the tensile 

test. Although most of the tests are performed via monotonic tensile test, some of the researches 

extract that the strain rate impacts the mechanical properties of the TRM samples by using dynamic 

tensile test [20]. Furthermore, TRM tests can be conducted using various geometries, with the 

Plate-type method being the more common approach, along with the dumbbell method, which 

resembles a bone-shaped TRM specimen. Both types of specimens allow for adjustments to 

thickness in the clamping areas. Additionally, there are several proposed setups, and the choice of 

setup often depends on the geometry and relevant codes. 

 

Test standards such as RILEM TC 232-TDT [21] and AC 434 [44] recommend that TRM 

specimens be rectangular, to make much easier the preparation of the mortarôs mixture and textile 

[15-5-17]. The clamping setup suitable for the rectangular plate type specimen causes a direct 
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clamping by either hydraulic or pneumatic which exerts pressure to both sides of the tabs to avoid 

slippage. Another gripping method is that the specimen gets connected to the pull-out or tensile 

machine by piercing a hole in the tabs holding the specimens by resins based on AC 434 [44] or 

by bolts relay on RILEMTC 232-TDT [21], and making hinge joints to commence tensile TRM, 

to clarify, the specimen gets connected to the tensile machine by hinge joints which it is called 

Clevis Grip in the ends, moreover, the material of the tabs could be different from steel to 

aluminum. 

 

It is noticeable that the clevis grip method can be applied to the dumbbell samples, much as the 

thickness of the specimenô ends may be higher rather than the thickness of the specimenôs middle. 

In order that the heads of dumbbell specimens may get tight at the tensile machine, the steel flanges 

are applied and to neglect to have the stress concentration between steel and mortar at the ends of 

specimens, the rubbers are placed [5]. 

 

It is conspicuous that only the displacement of the specimen is monitored when the TRM ends are 

moved by the tensile machine, furthermore, it is remarkable that each presented method of the 

TRMôs set-up contains some handicaps (disadvantages or drawbacks); therefore, the outcome of 

each set-up test cannot be compared [15-5]. DôAntino, T. & Papanicolaou, C. [5] remarked that 

the tensile rectangular Plate-type specimen had been performed via two different clamping set-up 

methods in which the results extracted exhibited that each test set-upôs outcome dramatically relied 

on the adoption of the clamping method itself. 

 

To sum up, the TRM tensile testôs results get influenced by lack or excesses of bending moment in 

the same direction of the plate or out of the plate direction, defect of the specimen, the process of 

preparation, and using the type of measurement. Moreover, so as to look into the behavior of TRM, 

it is essential that the further parameters get considered, for illustration; the process of producing 

the textile, the geometry of the textile such as the distance of the bundleôs separation, adding or 

sinking the textile to the special resin recommended by the textileôs company, and the adhesion of 

the horizontal and vertical bundles to make a confluence [5]. 

 

2.2.1 Failure modes in the TRM 

Various types of failure have been observed in TRM when subjected to tensile loading. Failures 

may occur due to the rupture of the fiber sandwiched between two layers of mortar, the breakdown 

of TRM from the underlying structure layer without damaging the structure itself, or damage to 

the underlying structure layer beneath the TRM composite. These failures can result from damage 

to the target structure layer beneath the TRM composite or delamination of the mortar [5].  

The mentioned failure scenarios occur when one or two layers of textile are applied. However, if 

multiple layers of textile, like three or four layers, are used, failure may result from the mechanism 

of mortar delamination or damage to the structure where the TRM composite is applied. In such 

cases, while tensile testing is conducted for one or two layers of textile, a bond test is performed 

for more than two layers, as the type of failure changes. 
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2.2.2 Tensile stress-strain response 
According to DôAntino, T. & Papanicolaou, the mixture of mortar with different textiles makes 

TRM deliver different behaviors, towing to the textileôs materials. An idealized trilinear stress-

strain diagram [5] is shown via a dashed line in Figure 2. It must be mentioned that  

the structural attributes of the reinforcing fibers seriously affect how the composite fails. Single 

fibers composed of AR-glass and carbon exhibit an almost flawless linear elastic behavior until 

they reach a state of brittle failure [5-22]. 

 
a b 

Figure 2. Identification of different response stages according to the idealized (dashed lines) trilinear 

stress-strain response of specimens with (a) and (b) without, the presence of Stage 2 [5]  

The test set-up impacts the idealized trilinear stress-strain diagram, thus each different test set-up 

may result in a different idealized stress-strain response, besides, the geometries such as the type 

of form and structure, the amount the fraction that the fiber surface make longitudinal relay on the 

volume used, and type of clamping as it is remarked above [5-22-2]. 

 

The mentioned idealized trilinear response in Figure 2-a, presents nine parameters [5], specifically, 

stresses that are „ȟ„ȟ and to stress, the strains are ‐ȟ‐ and ‐. It is noteworthy that although the 

module of elasticity is defined by the slopes of the idealized trilinear that are  Ὁȟ Ὁȟ and  Ὁ, 

owing to the stress-strainôs nonlinear behavior, the slopes defining  Ὁȟ Ὁȟ and  Ὁ in each stage 
may be dissimilar from the slope shown on the idealized trilinear response. 

The confluence of the „ and ‐ demonstrate the shifts from stage 1 to stage 2, and the confluence 

of the „ and ‐ shows the shift from stage 2 to stage 3. And the convergence of „ and ‐ depicts 
the specimenôs failure. It is noteworthy that the amount of stress can be computed by the gross 

section of the specimen and the cross-sectional area of the textile located longitudinally [5]. 

Stage 1: (uncracked stage) 

The supplied diagrams in Figure 2-a delineate the idealized stress-strain response. It is evident that 

the diagram is divided into three stages and that are stages 1,2, and 3. It is crystal clear that the 

stress-strain („ and ‐) commenced from zero slightly moves upward to („ and ‐) which is 
called stage number 1 and that shows the TRM does not have any crack during the process, but in 
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the end, the first cracks get initiated that sometimes could get in charge of sudden drop by the 

applied stress [5]. 

Stage 2: (the crack developed stage) 

In this stage, the diagram begins with („ and ‐) and slowly rise to („ and ‐) and significantly, 
the axial stress does not rise up, and after having increased the deformation of TRM via the tensile 

machine, the rest of the cracks become visible from the length of the textileôs combination with 

mortar [5]. 

Stage 3: (post-cracking stage) 

In stage 3 depicted in Figure 2-a, the diagram sharply soars from („ and ‐) to („ and ‐) that is 
similar to the elastic modulus of the fiber in a shortage of mortar. This remarked stage enumerates 

that the matrix is saturated from the cracks, and then the applied load gradually gets tolerated by 

the embedded textile located in the same direction as the tensile test till the fiber fails, due to its 

rupture [5]. 

Moreover, due to the effect of the bundles on the stageôs behavior, the bundles contain brittle fibers 

that exhibit different and intricate failure mechanisms, often due to variations in strength along 

each fiber. If a filament reaches its tensile limit at a weak point, it breaks. The load previously 

carried out by the broken filament must then be redistributed to other filaments. This phenomenon 

can be described using fiber bundle models (FBM) [23]. 

Another important aspect is that based on the installment of both ends of TRM and the type of the 

set-up with the consideration of the material characterization, the fiber slippage may occur through 

the mortar in stages 2 and 3, consequently, stage 3 can be identified by the fiber slippage stage, 

much as some of the embedded filaments are ruptured [5]. 

In some textiles and mortar composites, slippage betides in the fiber while the mortar is 

characterized by low strength, the crack developed stage cannot be recognized from the crackôs 

stage. Moreover, the strength of some fibers is so high that they grasped matrices causing good 

bond capacity. Further, owing to fiberôs volume, it has good frictional resistance in combination 

some composite materials. Hence, in the mentioned items, the stress-strain diagram of the referred 

TRMs can be shown in bilinear behavior that is illustrated in Figure 2-b [5]. 

2.2.3 Prevention of slippage in TRM: 

There are some clamping methods that prevent slippage; thus the textile commences rupturing at 

the end of the tensile test. The clamping grip method is a way that the tensile machine holds the 

tabs by generating pressure on both sides [22] or by inserting a steel sheet within the specimen 

[24]. 
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Figure 3. The set-ups prevent slippage of TRM (a) Set-up from Jess [22], (b) Set-up from Molter [24], the 

picture taken from Hartig, J [2]  

The clamping grip method causes the stress to get transferred well between the fiber and mortar to 

avoid slippage, furthermore, this method causes good fibersô exploitation in the direction of the 

pulling-out test, consequently, the fiber gets faced with the ultimate-bearing capacity from the 

pulling-out test [25].  

The stress concentration is so negative that the TRMôs mortar could get crushed inside the 

clamping griping area and it could cause some premature cracks outside of the clamping area. In 

order to evade meeting premature failure at the ends of the specimen, or the matrixôs failure close 

or within the area under the pressure, there are some ways remarked by DôAntino, T. & 

Papanicolaou (2017) [5] such as implementing the rubber around the specimenôs ends, or bonded 

specimenôs tabs.  

It is noticeable that the clamping method in testing may not accurately reflect practical application 

scenarios unless the composites are added to substrates by using mechanical anchoring systems. 

While parameters derived from the clamping grip method are useful for characterizing composite 

materials, they should not be directly applied for design purposes [5]. 

2.2.4 Types of failures: 

Various factors contribute to the type and location of failures, including the number of matrix 

layers, set-up type, bundle size, and strand preparation methods such as twisting or combining 

longitudinal and transversal bundles. However, the typical failures can be outlined as follows. 

1. Interlaminar failure: The failure of TRM composites utilized for strengthening existing 

structures may result from the detachment of fibers from the embedding matrix and 

interlaminar delamination [26]. 

 

2. Fiber rupture: Typically, during Stage 3 of the TRM tensile test, the stress-strain curve 

should demonstrate a slope akin to the elastic modulus of bare (matrix-free) fibers, with 

failure arising from fiber rupture [5]. 

 

3. Employing the clamping grip method, which exerts pressure on specimen ends, 

enhances the stress-transfer mechanism between fibers and matrix, thereby preventing 

fiber slippage and enabling full fiber utilization along the loading direction [28]. 
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4. Telescopic failure: Reinforcement yarns are often not completely penetrated by the 

concrete matrix, due to filtering effects that are caused by the close proximity of the 

filaments. As a result, there are essentially two bonding zones within a yarn. In the 

outer ring zone, also known as the fill-in or sleeve zone, the matrix infiltrates, enabling 

a relatively strong adhesive bond between the matrix and filaments. However, in the 

yarn core, only weak frictional load transfer occurs at the filament contact areas. 

Enhancing the inner bond can be achieved by applying additional coating or 

impregnation that penetrates the yarn core [42]. 

Several studies have investigated the tensile properties of Textile-Reinforced Mortar (TRM) as a 

composite material and monotonic tensile tests are commonly performed in most studies on TRM 

specimens, as demonstrated by research conducted by Hartig et al. (2012) [2], Ascione et al. (2015) 

[3], De Santis et al. (2017) [4], and DôAntino and Papanicolaou, which are elaborated on below 

[5]. 

2.2.5 Hartig et al. (2012) 

Hartig et al., 2012 [2]; tested two series of  AR-glass fibers with and without coated each series 

contained 44 specimens, and the clamping and clevis grip method was implemented for each 

series,  and the cracks appeared far from gripping in the specimens held with clevis grip method, 

while the specimens were the clamping grip method were used, the cracks appeared in the 

clamping area. 

Besides, Hartig et al., 2012 [2]; mentioned that when using uncoated reinforcement, the core fibers 

were frequently completely extracted from the concrete within the supported area of the specimen, 

suggesting a rather weak inner bond. Conversely, with coated textiles, the length of fibers extracted 

was significantly shorter than the available anchorage length, indicating a noticeable enhancement 

in the inner bond. 

  
a b 

Figure 4. The images depict experimental stress-strain relationships and photographs of typical failed 

specimens, (a) In Series 1, uncoated AR-glass fibers were used, (b) In Series 2, polymer-coated AR-glass 

fibers were employed [2] . 

2.2.6 Ascione et al. (2015)  

Ascione et al. (2015) [3]employed various textiles, including E glass, AR glass, aramid, and basalt, 

as weft in combination with mortar. The test parameters comprised four types of textiles, two 
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thickness values (5 and 10 mm), and three reinforcement ratios (1-3 layers of textiles). Each 

configuration was represented by at least three specimens, all of which were tested using the clevis 

grip method. The initial cracks observed in the specimens were located adjacent to the metallic 

tabs, while additional cracks appeared at various distances far from the tabs. 

 

 
Figure 5. The pictures above show the stress-strain diagrams of the tests [3]   

 

2.2.7 De Santis et al. (2017) 

De Santis et al. (2017) [4] examined five specimens per series, including a balanced bidirectional 

uncoated fabric (B) with basalt fibers and stainless steel micro-wires, a balanced bidirectional 

uncoated fabric (C) composed of carbon fibers, an unbalanced bidirectional coated fabric (G) made 

of AR-glass and aramid yarns in the warp direction and glass yarns in the weft direction, and a 

unidirectional textile of galvanized Ultra High Tensile Strength Steel (UHTSS) cords (S). All 

specimens were tested using the clamping grip method. Following testing and crack pattern 

analysis for each type of textile, De Santis et al. (2017) suggest that the chosen gripping technique 

significantly influences the failure mode of TRM coupons. 

     

a b c d e 
Figure 6. The crackôs location of (a) Basalt-stainless steel textile, (b) Carbon textile, (c) Steel textile with 

fiber reinforcement mortar, (d) AR-glass and aramid yarns. Steel textile with mineral-NHL mortar [4]  
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2.2.8 T. DôAntino and Catherine (Corina) Papanicolaou (2017) 

D'Antino and Catherine (Corina) Papanicolaou [30] conducted experiments involving 29 

specimens, including both rectangular prisms and dumbbell-shaped samples. These specimens 

were created using various types of TRM composite fibers, such as carbon fibers with and without 

coating, fully impregnated fiber bundles, unidirectional galvanized steel cord textiles, and coated 

AR glass fibers. Two holding methods, the Clevis-Grip and Clamping Grip methods, were utilized 

for testing, along with the Curved-Flange method for dumbbell specimens. The dimensions of the 

specimens were depicted in the study. 

 

The findings of the research indicate that applying a coating facilitated the even distribution of 

loads, resulting in significant enhancements in the mechanical properties of the coated textiles. 

 

  
a b 

  
c d 

Figure 7. Comparison between tensile tests on rectangular prism (envelope curves) and dumbbell 

specimens comprising (a) coated carbon, (b) uncoated carbon, (c) coated glass, and (d) galvanized steel 

[30]   

2.2.9 T. DôAntino and Catherine (Corina) Papanicolaou (2017) 

D'Antino and Catherine (Corina) Papanicolaou [5] conducted trials on six distinct TRM 

composites, comprising carbon, glass, basalt, or steel textiles combined with a cementitious mortar. 

They utilized a clamping gripping technique employing machine hydraulic wedges, which led to 

notable crack development in the proximity of the grip area. The results below show the diagram 

of the stress-strain of the tested specimens. 
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Figure 8. The diagrams of stress-strain of the tested specimens [5]  

They concluded that the test results on rectangular prism specimens were affected by various 

factors such as curing, handling, and specimen setup, potentially leading to micro-cracking in the 

matrix and premature failure. Additionally, the use of coatings that fully impregnated the textile 

yarns resulted in improved mechanical characteristics of the carbon composite compared to 

uncoated textiles. 

2.3 Bond properties TRM 

Examining the adherence between TRM and concrete substrate stands as a fundamental endeavor, 

crucial for gauging the effectiveness of TRM jacketing in structural reinforcement. This bond's 

unity hinges upon several key factors, encompassing the condition and geometry of fiber roving, 
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the level of fiber impregnation by mortar, and the quality of concrete substrate surface treatment. 

Initial explorations of TRM-to-concrete adherence have predominantly centered on single-lap and 

double-lap shear tests. 

In single-lap shear tests referred to in Figure 9, TRM strip is externally attached to one surface of 

a concrete block, then a tensile force is applied to pull out the TRM strip while the concrete block 

remains stationary. 

  
a b 

Figure 9. Pictures (a) and (b) are the schematic of the single-lab shear test 

In double-lap shear tests shown in Figure 10, TRM strips are bonded to both surfaces of two 

concrete blocks, which they are connected solely by the TRM strips. These concrete blocks are 

subjected to tensile loading until the TRM fails. 

  
a b 

Figure 10. Pictures (a) and (b) are the schematics of the double-lab shear test 



27 

 

2.3.1 The failure modes in bond shear lab test: 

The failure modes identified in bond tests consist of (1) fibers slipping through the mortar; (2) 

detachment of TRM from sections of the concrete; (3) separation of TRM at the interface between 

concrete and mortar; and (4) rupture of TRM. 

The depiction in Figure 11-b illustrates the different phases of stress transmission at various points 

along the load response, as indicated in Figure 11-a . The residual bonded length, denoted as ὰ, 
represents the actual bonded area, defined as the segment between points O and B.  

As the load increases between points B and C, friction plays a key role until the debonding process 

extends to the end of the bonded region. At point C, the load reaches its peak value (ὖᶻ), and the 
residual bonded length aligns with the effective bond length (ὰ = ὰ ) referred to Figure 11-

b.  

Beyond point C, the load begins to decline as the bonding mechanism weakens (ὰ < ὰ ). 

Subsequently, after point D, the concavity of the curve changes, and the rate of load reduction 

increases. At this connection, the residual bonded length, ὰ, significantly decreases. It is important 

to note that in FRP-concrete joints, a combination of fracture modes propagates at the unloaded 

end of the composite when ὰ < ὰ  [6].  

 
 

a b 
Figure 11. (a) Idealized load P vs. global slip g response, (b) Stressïtransfer mechanism stages 

corresponding to different points of the idealized Pīg response [21] 

2.3.2 DôAmbrisi et al. (2012) 

DôAmbrisi et al. (2012) [31] investigated the double shear-bond laboratory assessment of an 

FRCM composite containing a PBO net embedded in a cement-based matrix and concrete. They 

followed the conventional approach used for FRP materials, focusing on analyzing the local bond-

slip relationship between the reinforcing fibers and the underlying concrete. 

The tested specimens comprised single-layer and double-layer configurations, with bond lengths 

(L) ranging from 50 to 250 mm. In all cases, failure was attributed to debonding at the interface 

between the fibers and the matrix, followed by matrix rupture within the net plane (interlaminar 

failure) after significant fiber slippage referred to in Figure 12. Additionally, a thin layer of the 

matrix typically remained firmly attached to the concrete surface. 
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Figure 12. Pictures (a) and (b) are the specimens of DôAmbrisi et al. (2012) failure mode, (c) Shear 

strength of some tested specimens without calibration [31]   

The findings were indicated that both the ultimate load and bond capacity exhibited nonlinear 

increases with the bonded length. 

2.3.3 Ombres (2015) 

Ombres (2015) [7] conducted experiments on 24 samples organized into two series to examine 

how the bond strength of FRCM materials, composed of PBO fabric mesh embedded within 

mortar, affects performance in single-lap shear tests. The first series involved varying the bond 

length and the number of fabric layers (one and two layers), with 12 specimens tested at an ambient 

temperature of 20 ÁC. The second series, comprising 12 concrete specimens reinforced with double 

layers of PBO-FRCM strips bonded over a 250 mm length, was also conducted. 

In Series I, failure in all specimens reinforced with a single layer of PBO fabric occurred primarily 

due to slippage at the fiber/cementitious matrix interface. Ombres (2015Û) determined the effective 

bond length (ὒ ), representing the minimum bond length needed to achieve maximum applied 
load, to range between 150 mm and 200 mm for both single and double layer-reinforced 

specimens. Figure 13, illustrates the stress-slip results from stage 1 and the specimens tested under 

thermal compatibility conditions are not discussed further here. 
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Figure 13 Series I specimens: bond stress-slip curves. (A.1.Lb and B.1.Lb single layer strengthened 

specimens; A.2.Lb and B.2.Lb double layers strengthened specimens; [7]  

2.3.4 Dô Antino (2014) and Sneed et al. (2015) 

D'Antino (2014) [6] and Sneed et al. (2015) [8] examined 58 specimens through single-lap shear 

tests and 16 specimens through double-lap shear tests. The concrete blocks used in all specimens 

were constructed using Portland cement type 1, with lengths of 375 mm for the double-lap shear 

tests and 375 mm and 510 mm for the single-lap shear tests. Sandblasting was applied to the 

surfaces of all concrete prisms. The textile material utilized was a Polyparaphenylene 

Benzobisoxazole PBO fiber net. 

In the double-lap shear tests, failure was primarily due to the debonding of one composite strip, 

characterized by slippage between the fibers and the matrix within the composite strip. Conversely, 

in single-lap shear tests, failure occurred as a result of debonding at the matrix-fiber interface rather 

than at the matrix-concrete interface. 

The findings revealed that the width effect was not observed in specimens subjected to double-lap 

shear tests, aligning with the outcomes of single-lap shear tests conducted on the same composite. 

Furthermore, it was determined Figure 14-a and b that the ultimate load and bond capacity 

exhibited nonlinear increases with the bonded length in both single and double-shear tests. 

Moreover, Sneed et al. (2015) compared the results of single-lap and double-lap direct shear tests 

and found that the displacement-load curves and failure modes were similar in both cases. 

However, single-lap tests had certain disadvantages compared to double-lap tests. Results from 

double-lap tests were more consistent, with less variation observed compared to single-lap tests. 
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Figure 14. The stress-strain diagrams of (a) Single-lap shear test Dô Antino 2014 [6] , (b) double-lap 

shear test Sneed et al. 2015 [8]  

2.3.5 Sabau et al. (2017) 

Sabau et al. (2017) [9] conducted experiments on three specimens containing carbon fibers using 

single-lap shear tests. Notably, the concrete blocks used had lengths of 500 mm, with the embedded 

bundle lengths within the matrix set at lc = 330 mm. Additionally, the concrete block surfaces were 

sandblasted. In each case, failure occurred due to significant fiber-matrix slippage, with debonding 

observed at the interface between the fibers and the matrix. There was no observed damage at the 

interface between the matrix and the concrete. 

Moreover, Sabau et al. (2017) discussed the outcomes obtained from point tracking (PT) and 

digital image correlation (DIC), revealing that the applied load in single-lap direct shear setups 

was unevenly distributed among the fiber bundles. Instead, it was randomly distributed based on 

the bonding characteristics of each bundle. The presented Figure 15 below shows the diagram of 

the stress-global slip of the tested specimens. 

 
Figure 15. The stress-global slip of species tested by Sabau et al. (2017) [9]  

 

2.3.6 Tommaso Rotunno (2023) 

Tommaso Rotunno (2023) [10] conducted single-lap shear tests on masonry pillars reinforced with 

PBO-FRCM. The experimental program included both straight and curved specimens, with 
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bonded lengths of 315 mm for the intrados and flat surfaces, and 397 mm and 339 mm for the 

extrados. 

Figure 16 illustrates the failure types observed in all specimens. For the extrados specimens, failure 

was characterized by cohesive debonding in the substrate, detachment at the textile-to-matrix 

interface, and detachment at the matrix-to-substrate interface.  

Conversely, for the flat surface specimens, sliding of the textile within the matrix was identified, 

with textile failure within the matrix observed in the extrados specimens. It was concluded that the 

failure mode of reinforcements applied to flat or extrados surfaces is often associated with fabric 

sliding within the matrix.  

Additionally, the exploitation ratio was found to be correlated with the surface to which the TRM 

is applied, increasing for reinforcements applied at the extrados and decreasing for those applied 

at the intrados. 

 
a b c d e 

Figure 16. Pictures of the failure of introduce surface flat (a), (b) and (c) intrados surface and  (d) flat 

surface (e) extrude surface [10]  

To recapitulate the presented essays, the results and failure types were influenced by various 

factors such as the width of TRM strips, number of layers, concrete surface preparations, loading 

rates, and the bond between TRM or FRP and the concrete substrate at high temperatures, as 

investigated through double-lap direct shear tests. 

In summary, Koutas (2019) [15] reviewed several studies focusing on the parameter of bonded 

length The consensus from these investigations indicates that both the ultimate load and bond 

capacity exhibit nonlinear increases with the bonded length. Based on the collective findings, the 

effective bond length for PBO TRM, with a mesh size and nominal thickness of 10 Ĭ 15 and 0.045 

mm respectively, was determined to fall between 250 and 350 mm. Similarly, for carbon TRM 

with a mesh size and nominal thickness of 10 Ĭ 10 and 0.095 mm respectively, the effective bond 

length was found to range between 200 and 300 mm. 

2.4 Confinement TRM 

The purpose of wrapping concrete elements with TRM layers shown in Figure 17-a, is to generate 

passive confinement stresses during axial compression, thus enhancing their compressive strength 
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and ability to withstand deformation. This need for additional confinement is often observed in 

columns with limited axial capacity and insufficient detailing.  

 
 

 
a b c 

Figure 17. (a) Concrete elements subjected to axial loads and confined with TRM jackets; (b) Overlap of 

the final layer of TRM; and (c) Impact of reinforcement on axial stress-strain curves [15] . 

 

The standard method of application typically involves wet lay-up on appropriately prepared 

surfaces. A final layer overlap is commonly incorporated in the hoop direction to prevent premature 

debonding Figure 17-b.  

The standard procedure typically involves applying the material while wet onto surfaces that have 

been appropriately prepared. It is common to include a final layer overlap in the hoop direction to 

prevent the material from coming loose prematurely (refer to Figure 17-b). However, when 

arranged in a 0Á/90Á configuration of bidirectional textiles, merely fibers oriented in the hoop 

direction contribute to the development of stresses that confine the material. 

Like FRP confinement, textile wrapping can be easily applied to circular or rectangular sections, 

provided that the fibers are uncoated and the corners of rectangular sections are appropriately 

rounded. Based on Koutas 1 [15], the corner radius R should be at least equal to bc = 10, with a 

minimum value of 25 mm to assume adequate concrete cover. Textiles with coated fibers may also 

be used for wrapping under specific conditions, such as a low degree of coating impregnation, and 

a relatively large mesh size can further facilitate application. 

In  Figure 17-c, representations of axial stress-axial strain curves are displayed for both unconfined 

and TRM-confined concrete. While the jacket's existence may initially improve the concrete's 

stiffness elastically, its primary impact is observed in the post-elastic behavior. The jacket becomes 

active in tension only after the concrete has cracked and lateral deformations have occurred, due 

to the concrete's expansion. 

As a result, the strengthening affects two primary aspects: raising the concrete's capacity to bear 

axial loads and enhancing its ability to deform axially. The slope of the ascending branch post-

elasticity of confined concrete heavily depends on factors such as the external reinforcement ratio, 

the axial stiffness of the wrapped jacket, and the cross-sectionôs figure [12-32]. 
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2.4.1 The types of failure: 

The failure in TRM-confined concrete typically arises from the loss of strengthening efficacy. Two 

distinct failure modes have been identified and are delineated as follows: 

1. In this scenario Figure 18-a, detachment commences at the end of the overlap, leading to a 

vertical crack at the fabric's termination point. This separation occurs at the interface 

between the mortar and the final layer of fabric, termed interlaminar shearing, and its 

progression is influenced by various factors. Variables such as a mortar exhibiting low 

tensile strength, a shorter overlap length an excessively dense mesh impeding effective 

mortar impregnation, or a combination thereof, can exacerbate the debonding mechanism. 

[1-30-31] 

 

2. Failure of the jacket occurs, because of hoop stresses Figure 18-b; When there's enough 

overlap length for the TRM reinforcement used, the jacket fractures along fibers in the 

hoop direction once they reach their tensile strength. This typically results in a gradual 

failure of the TRM jacket, starting with a fracture in a limited number of fiber bundles (or 

steel cords in steel fabrics), which then slowly spreads to neighboring bundles until 

extensive concrete crushing causes a significant drop in load [34-30-36].  

In elements with a rectangular section, the fracture may initiate at a corner, due to the high-stress 

concentration or buckling of the longitudinal steel reinforcement [33]. The rate of fracture 

propagation may vary depending on the reinforcement amount, and more layers could lead to a 

sudden failure at the corners of rectangular sections compared to a more gradual failure with fewer 

layers [33].  

 

  
a b 

Figure 18. Failure modes of TRM-confined concrete elements: (a) Debonding at the end of the 

confined element; and (b) Rupture of the jacket in the length of the confined element, data from [37]  
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2.4.2 The parameters that impact the confinement test:  

There are several factors that affect the results and behavior of the confined elements, such as 

enhancing the reinforcement ratio, primarily through adding additional layers of TRM, which 

boosts both the compressive strength and the ultimate strain capacity of the confined concrete.  

 

The augmentation is typically disproportionate to the reinforcement quantity, reducing the 

effectiveness as the number of layers rises. Determining a precise trend is challenging, due to the 

considerable variability in experimental outcomes, coming from varied material types and 

potential differences in quality control measures [15]. 

 

The effectiveness of strengthening is significantly influenced by the geometry of the section. 

Similar to FRP jackets, TRM jackets exhibit greater efficiency when applied to elements with 

cylindrical sections. The uneven distribution of confining action in rectangular sections 

particularly increased at the corners, which contrasts with the uniform confinement experienced in 

circular sections [33-11-12] 

 

The dissimilarity in confining action between rectangular and circular sections, with the former 

experiencing greater confinement at the corners, contributes to this trend. Furthermore, the 

significant influence of unconfined concrete strength on the effectiveness of TRM jackets is 

enhancing the axial load-carrying capacity of confined concrete. Jackets are more effective when 

applied to concrete with lower unconfined strength values [33-36-11]. Enhancing the overlap 

length can effectively boost the compressive strength and axial deformation capacity of TRM-

confined concrete elements, provided that debonding at the end of the lap is mitigated [13].  

Ombres (2017) [14] studied the effect of fiber orientation on the compressive behavior of PBO 

fiber TRM-confined cylinders, with the angle of the fibers varying from 90Á to 30Á with respect to 

the cylinder axis. He concluded that the optimal orientation of the fibers is 90Á, with the other 

orientations having a reduced effectiveness even after being normalized to the reinforcement ratio. 

 

2.4.3 Ortlepp (2009) 

Five sets were examined in total by Ortlepp (2009) [11]. Each set included two test specimens. 

The first set served as a reference, comprising pure normal concrete without any reinforcement. 

The second set was reinforced solely with a fine-grained concrete cover, without any textile 

reinforcement, providing the ultimate load component of the pure fine-grained concrete within the 

reinforcement layer. 

 

The third set was reinforced with textile concrete made of AR glass fiber textiles, while the fourth 

set used carbon fibers with the same cross-section. The fifth set was also reinforced with carbon 

fibers, but with a significantly higher fiber volume, resulting in a stiffness four times greater than 

that of the previous set. 
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The columns earmarked for reinforcement were built using regular concrete, featuring a maximum 

aggregate size of 8 mm. The TRC strengthening layer comprises two key elements: fine-grained 

concrete and textile reinforcement structures. 

 

Ortlepp (2009) tested several textiles on different geometries and it is preferred that the round of 

the specimens is so important that for practical use of strengthening columns, it effectively conveys 

the relationship between the rounded edges of the specimen and the effectiveness of confinement. 

 

 
Figure 19. The load-carrying capacity of the reinforced specimens independent of the geometry [11] 

 

2.4.4 Thermou (2015) 

Thermou 2015 [13] tested 34 cylindrical concrete specimens, using Portland cement and steel 

reinforcing grout (SRG) as the textile material, underwent testing. Group A, with concrete 

compressive strength C12/15, had an overlap length of 360 mm, while Group B, with concrete 

class C20/25, had an overlap length of 120 mm.  

 

High-density SRG-jacketed cylinders in Group A failed, due to debonding, while low and medium-

density ones mainly failed due to tensile fracture of the steel cords. Conversely, in Group B, most 

low and medium-density SRG jackets failed due to debonding. In cases of tensile fracture, failure 

occurred gradually as the steel cords fractured progressively, typically near the termination of the 

steel fabric. 

 

34 specimens with the shape of standard cylindrical concrete with Portland cement were tested 

and the type of material used as the textile was steel reinforcing groutðSRG. The overlap length 

considered for specimen group A with concrete compressive strength C12/15, was 360 mm. 
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a b 

Figure 20. The diagrams of the average stress-strain curves for all types of SRG jackets in specimens of (a) Group A, (b) 

Group B [13]  

 

Thermou (2015) noted that the 120 mm overlap length, commonly recommended for wrapping RC 

members with composite fabrics, proved insufficient for low and medium-density fabrics, 

rendering it ineffective for high-density SRG jackets.  

 

Besides, it is concluded that two failure modes were observed: debonding at the steel fabric 

termination and tensile fracture of the steel cords. High-density fabrics failed due to hindered 

interlocking with the matrix, while medium and low-density fabrics exhibited enhanced bonding 

with the matrix through mortar penetration. The overlap length played a significant role, 

particularly for less stiff fabrics 

2.4.5 Colajanni (2014) 

Colajanni 2014 [12] prepared three series of specimens as follows: Series A consisted of eight 

cylindrical specimens with a diameter (D) of 154 mm and a height (H) of 335 mm. In Series B, 

there were seven cylindrical specimens with a diameter (D) of 200 mm and a height (H) of 335 

mm, along with seven specimens with a square cross-section, each having a side length (l) of 200 

mm and a height (H) of 425 mm.  

 

The concrete used was Portland Type 1 (ASTM International Type I), designed to achieve a 

cylindrical compressive strength (Ὢ) of 25 MPa. All series were confined with 2 or 3 layers of 
Phenylene BenzobisOxazole (PBO) textile. 

 

In failure series 1 and 2, all specimens exhibited the same collapse mode: failure of the telescopic 

jacket textile occurred after wide vertical cracks formed in the textile overlapping region. In failure 

series 3, failure of all square specimens was attributed to textile rupture at the corners. 
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Table 1. The results of testing for cylindrical specimens series A 

Code Ὢ ὓὖὥ ‐άὩ Ὢ ὓὖὥ ‐ άὩ Ὁ ὓὖὥ 
CA-UN 24.2 1.33 15.2 2.79 28.0 

 Ὢ ὓὖὥ ‐ άὩ Ὢ ὓὖὥ ‐ άὩ ὪȾὪ  ‐ Ⱦ‐  ‐ Ⱦ‐  

CA1-2L 30.6 11.6 30.6 11.6 1.26 8.75 0.45 

CA2-2L 31.3 6.82 31.3 7.11 1.29 5.13 0.4 

CA3-2L 31.8 3.1 30.1 9.99 1.32 2.33  

        

Mean 31.2  30.6 9.63 1.29 5.4 0.43 

CA4-3L 33.8 9.63 33.8 9.63 1.4 7.24 0.5 

CA5-3L 36.2 11.4 36.2 11.42 1.5 8.59 0.5 

CA6-3L 39.7 14.8 29.7 14.85 1.64 11.1 0.54 

        

MEAN 36.6  36.6 11.97 1.51 9 0.51 

CA1-2L 30.6 11.6 30.6 11.6 1.26 8.75 0.45 

 

Table 2. The results of testing for cylindrical specimens series B 

Code Ὢ ὓὖὥ ‐άὩ Ὢ ὓὖὥ ‐ άὩ Ὁ ὓὖὥ 
CB-UN 24.4 1.89 22.1 2.15 21 

 Ὢ ὓὖὥ ‐ άὩ Ὢ ὓὖὥ ‐ άὩ ὪȾὪ  ‐ Ⱦ‐  ‐ Ⱦ‐  

CB2-2L 30.8 2.18 29.2 11.03 1.26 1.15 0.77 

CB4-2L 33.7 1.76 27.3 12.73 1.38 0.93 0.66 

CB6-2L 29 11.4 29 11.4 1.19 6.02  

        

Mean 31.2  28.5 11.71 1.28 2.7 0.72 

CB1-3L 34.7 9.16 34.7 9.16 1.42 4.85 / 

CB5-3L 32.4 2.36 26.8 12.14 1.33 1.25 0.81 

    1    

MEAN 33.5  30.7 10.65 1.37 3.05 / 

CB2-2L 30.8 2.18 29.2 11.03 1.26 1.15 0.77 

 

Table 3. The results of testing for square specimens series B 

Code Ὢ ὓὖὥ ‐άὩ Ὢ ὓὖὥ ‐ άὩ Ὁ ὓὖὥ 
SB-UN 25.2 2.06 9.3 2.15 4.12 

 Ὢ ὓὖὥ ‐ άὩ Ὢ ὓὖὥ ‐ άὩ ὪȾὪ  ‐ Ⱦ‐  

SB2-2L 30.1 2.22 24.9 11.27 1.18 1.08 

SB4-2L 28.6 2.87 22.4 6.82 1.12 1.39 

SB2-2L 26.1 3.76 22 10.82 1.02 1.82 

        

Mean 28.2 2.95 23.1 9.63 1.11 1.43 

SB1-3L 32.3 2.13 31.4 8.4 1.27 1.03 

SB3-3L 30.2 2.52 28.6 13.4 1.18 1.22 

SB5-3L 32.4 1.87 28 16.4 1.27 0.91 

        

Mean 31.6 2.11 29.3 12.73 1.24 1.06 

 

Colajanni (2014) [12] found that PBO-FRCM significantly enhances compressive strength and 

ductility in RC cylindrical and square specimens. The effectiveness is influenced by the number 

of confining layers and overlapping lengths. Surprisingly, PBO-FRCM is highly effective in 

confining square columns. Using cementitious mortar instead of resin delays the activation of 

confinement but stiffness is promptly recovered, indicating PBO-FRCM's effectiveness. 

 

2.4.6 Ombres (2017) 

Ombers 2017 [14] tested a total of twenty-five cylindrical concrete specimens, with four left 

unconfined. The textile used was PBO, an abbreviation for Polypara-phenylene-benzo-bis-thiazol. 

The specimens were subjected to various temperature values, ranging from 50ÁC (ambient 

temperature) to 250ÁC, for thermal conditioning before testing. It must be mentioned that these 



38 

 

specimens were grouped into "Series I," "Series II," and "Series III," each made with different 

concrete batches. 

In all tested specimens, failure occurred gradually. Ombres 2017 identified two main vertical 

cracks originating from the overlapping zones and propagated slowly and symmetrically along the 

jacketed cylinder surface and as peak strength was reached, these vertical cracks gradually 

widened until jacket failure ensued. 

Ombres 2017 characterized the failure as a combination of PBO sheet rupture and debonding at 

the interface between fibers and matrix. Figure 21 illustrates the failure modes of some tested 

specimens. Analysis of the specimen configurations reveals that increasing the temperature value 

does not alter the failure modes 

 

    
NCI-20-2 CI-1-20-1 CI-1-150-1 CI-1-200-1 

    
CI-1-200 CII-2-200 CII-1-250 CII-2-250 

Figure 21. Specimens' failures that extracted from Ombress 2017 [14]  

Ombres 2017 noted that with increasing temperature, there's a decrease in the peak strength of 

confined specimens, with limitations. Additionally, both axial and ultimate strain increase after the 

temperature surpasses 50ÁC, regardless of the confinement ratio. 
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3. Tensile Characterization of Carbon TRM 

3.1 Introduction  

In this chapter, the characterization of carbon textiles integrated into TRM is delved. Through a 

series of monotonic tensile tests, it was objected to understanding the behavior of carbon fibers 

when combined with various matrices and resins in TRM compositions. The focus lies on 

analyzing the tensile characteristics of these composite materials, shedding light on their 

mechanical properties and potential applications. 

 

The experimental program was devised to perform tensile assessments on carbon fiber, both 

individually and when paired with mortar. The aim was to analyze how the characteristics of 

carbon fiber are influenced by the inclusion of mortar and whether the presence of mortar amplifies 

the strength of the carbon fiber. The specific objectives of the experimental program are as follows: 

 

o Characterizing a commercial mortar mix through flexural and compression tests. 

o Determining the tensile ultimate strength, strain, and modulus of elasticity of bare carbon 

fiber using the clamping and clevis gripping method. 

o Investigating the ultimate and maximum tensile resistance of carbon fiber when combined 

with mortar. 

3.2 Tensile Strength of Carbon Meshes  

3.2.1 Materials 

The utilized material is the high-strength carbon fiber, MAPEGRID C200 [43], produced by 

Mapei, with a fiber area weight of 200 . According to the company's specifications, the carbon 

fiber consists of longitudinal and transversal bundles spaced at 10Ĭ10 mm. However, laboratory 

measurements showed that the actual spacing between the fibers was 15Ĭ18 mm, as shown in 

Figure 22. Additionally, Component B [38] and MapeWarp 21 [39] resins were used in the 

experiment by manufacturer recommendation. 

  
a b 

Figure 22. The mesh sizes: (a) longitudinal (b) transversal direction 
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3.2.2 Process of Preparation 

The preparation procedure comprised four stages, each involving the preparation of specific 

specimens at predetermined intervals, denoted as batches A, B, C, and D. Batches B, C, and D 

were suspended between two pedestals shown in Figure 23. Notably, batches B and C had their 

bare carbon fibers treated with Component B, a synthetic polymer in water dispersion, following 

a formula developed in the MAPEI Research Laboratories [38]. This treatment was applied to the 

PLANITOP HDM MAXI mortar using an angular paintbrush, adhering to the manufacturer's 

guidelines. Meanwhile, batch D received a brushing of Epoxy resin MapeWrap 21 [39]. Batch A, 

however, remained untreated, without any resin or Component B application. 

All specimens from batches A and C were trimmed to dimensions of 200Ĭ550 mm, while those 

from batch B were cut into rectangular shapes measuring 250Ĭ400 mm. Additionally, the carbon 

fiber pieces from batch D were divided into segments measuring 250Ĭ460 mm. 

 
Figure 23. Pedestals made to hold the carbon fibers to absorb resins 

Under laboratory conditions of approximately 23ÁC and 55% RH, the carbon fibers of batches B, 

C, and D absorbed both the Component B [38] Epoxy resin and MapeWrap 21 [39] as seen in 

Figure 24. For batches B and C, the meshes were divided into three specimens, each measuring 

400 mm in length, with 4 and 3 bundles in rows, respectively. Additionally, batch C specimens 

were further segmented into single bundles of the same length (400 mm). Batch A's mesh was cut 

into three rectangles measuring 550 mm in length, each containing four bundles, along with two 

more rectangles measuring 500 mm in length, each with one bundle. As for batch D, the three 

specimens were extracted from 4 bundles. 

   
a b c 

Figure 24. (a) carbon fiber without component B, (b) carbon fiber impregnated with Component B, (c) 

carbon fiber impregnated with MapeWrap 21 
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To ensure effective gripping at the specimen ends, two metallic tabs measuring 100 mm in length 

were bonded to the textile on both sides, with the textile positioned between them. Notably, epoxy 

resins HIT-RE 500 V4 [40] and Sikadur 30 [41] were used to adhere the textile to the tabs. HIT-

RE 500 V4 resin was applied to batches A, B, and C, while Sikadur resin was used for batch D. 

Figure 25 illustrates this set-up. The tabs were pressed with weights to ensure proper adhesion 

between the textile and tabs, and after 24 hours, the weights were removed, following the Hilti 

resin manual [40]. Due to the tabôs length on both sides, the free textile length for batches A, B, 

and C was 200 mm, while for batch D, it was 260 mm. Additionally, it is worth noting that in batch 

C, some textiles were brushed with component B of the PLANITOP HDM MAXI [38] mortar after 

the tab attachment. 

   
a b c 

Figure 25. (a) Tabs glued by HILTI resin, (b) Tabs glued by Sikadur resin (c) 2 Specimens of textile 

with 4 bundles and 1 bundle 

 

3.2.3 Test Setup 

The specimens from Batches A, B, and D were subjected to tensile testing using the Instron 8800 

mechanical testing machine. These specimens were placed in the machine, and their jaws, featuring 

a serrated surface, were chosen to apply pressure to specimens with a thickness ranging from 1 to 

13 mm. This setup ensured that the tabs of the bundles received transverse pressure from the sides, 

effectively clamping the textiles using wedges to prevent slippage during the test, as illustrated in 

Figure 26. Pressure applied by the machine's jaws was carefully adjusted, ranging from 70 to 100 

bars for specimens containing four bundles and 30 to 50 bars for specimens with only one bundle. 



42 

 

  
a b 

  
c d 

Figure 26. Jawsô pressure: (a) from down, (b) from the top part, (c) the surface of the jaws, (d) the 

specification of the jaws in terms of thickness holding 

The specimens were set-up according to Figure 27 and the testing speed was selected based on the 

recommendations of AC434 [44] for TRM tensile tests, with a displacement rate of 0.2 άάȾάὭὲ. 

While batches A, B, and C were tested at the recommended rate of 0.2 άάȾάὭὲ per AC434 [44] 

guidelines, batch D, consisting solely of bare textile with and without resin, was tested at a rate of 

1 άάȾάὭὲ. 
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a b c d 

   
e f g 

Figure 27. Experimental set-up: (a) and (b) are one and 4 bundles without resin and clamping grip 

method of batch A, (c) and (d) are 1 and 4 are bundles with resin and clamping grip method of batch 

B, (e) and (f) are 1 and 4 bundles with the resin of batch C and clevis gripping method, (g) is 4 bundles 

with resin and clamping method. 

Table 4 and Table 5 present the results of the tensile tests on the carbon meshes. The specimens in 

these tables are identified using the format CR_SH/SG_L_B_N. Here, C stands for carbon resin 

material, CR represents material without resin, S indicates the batch specification, H signifies the 

clamping grip method, G denotes the clevis grip method, L represents the length of the specimen, 

B indicates the number of bundles, and N denotes the specimen number. Each batch underwent 

testing with a minimum of three specimens, except for batch A, where only two specimens were 

tested, both containing one bundle.  

Test data was recorded at a frequency of 10 Ὄὤ by the tensile machine. Besides all of the stress-

strain diagrams of batch A, B, C, and D for not only 4 bundles but 1 bundle are illustrated in Figure 

28. Furthermore, the stress values depicted in Table 4 and Table 5 shown „ have been calculated 

by the division of the applied load ὖ obtained from the tensile machine over ὡ the number of 

longitudinal strands which implemented in the specimens that displayed as ὲȢὃ [44]. 

The stress was calculated using the area per unit length of the MAPEGRID C200 [43], which is 

specified as 55 άάȾά in the manufacturer's manual. 
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„   

Equation 1  

The stress levels depicted in Figure 28 were greatly influenced by the type of resin and textile 

setups. Strain failures (‐) were determined by dividing the displacement of the specimen (‏) 

measured by the machine by the gauge length (ὒ) as specified in AC434 [44]. 

‐   Ⱦὒ‏

Equation 2  

The elasticity modulus of each specimen from various batches was determined by selecting ninety 

and sixty percent of the ultimate stress and strain for each specimen. 

Ὁ
Ў

Ў

Ȣ Ȣ

Ȣ Ȣ
  

Equation 3  

Table 4   Results of tensile tests of textile properties of Batch A, B, C, and D with 4 bundles                                                                                                                                                                                            

Specimen 
           Area weight 

Ὣ

ά
 

Coating 
Maximum load 

F(N) 

Stress „ 

(N/mm2) 

Strain at failure (%) 

‐ 
Modulus of 

elasticity (GPa) 

CR_AH_60_04_01 200  2798 848 - - 

CR_AH_60_04_02 200  5141 1558 - - 

CR_AH_60_04_03 200  5471 1658 - - 

C_BH_60_04_01 200 P 6360 1927 1.049% 183.73 

C_BH_60_04_02 200 P 6617 2005 1.142% 175.64 

C_BH_60_04_03 200 P 6967 2111 1.203% 175.49 

C_CG_60_04_01 200 P 4178 92.85 2.181% 77.4 

C_CG_60_04_02 200 P 4802 106.70 2.449% 79.23 

C_CG_60_04_03 200 P 3434 76.3 1.864% 74.44 

C_DG_60_04_01 200 P 9225 2796 1.493% 224.98 

C_DG_60_04_02 200 P 10065 3050 1.600% 218.09 

C_DG_60_04_03 200 P 9507 2881 1.538% 230.94 

CR_SH/SG_L_B_N, where C = the type of material that is carbon resin, CR= the type of the material without resin, S = specification 

of the batch, H= Clamping grip method, G = clevis grip method, L = length of the specimen, B = number of the bundles, N = number 

of the specimen 

Table 5 Results of tensile tests of textile properties of Batch A, B, C, and D with 1 bundle                                                                                                                                                                                            

Specimen 
          Area weight  

          
Coating Maximum load F(N) 

Tensile strength 

(N/mm2) 

Strain at 

failure (%) 

Modulus of 

elasticity 

(GPa) 

CR_AH_60_01_01 200  1250 124.95 - - 

CR_AH_60_01_02 200  1278 127.75 - - 

C_BH_60_01_01 200 P 1589 1926 1.095% 175.79 

C_BH_60_01_02 200 P 1035 1254 0.753% 166.64 

C_BH_60_01_03 200 P 1361 1649 1.053% 156.60 

C_CG_60_01_01 200 P 1108 1343 1.610% 83.40 

C_CG_60_01_02 200 P 1510 1830 1.893% 96.70 

C_CG_60_01_03 200 P 1675 2031 2.771% 73.27 

CR_SH/SG_L_B_N, where C = the type of material that is carbon resin, CR= the type of the material without resin, S = specification 

of the batch, H= Clamping grip method, G = clevis grip method, L = length of the specimen, B = number of the bundles, N = number 

of the specimen 
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Figure 28. The diagram of stress-strain of carbon fiber that pictures: (a) batch A-4 bundles, (b) batch A-1 

bundles, (c) batch B-4 bundles, (d) batch B-1 bundle, c. batch C-4 bundles, f. batch C-1 bundle, (g) batch 

D-4 bundles 
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3.2.4 Results and Discussion 

Based on the findings from batch A of carbon fiber, as outlined in Table 4 and Table 5, the clamping 

grip method was applied in batches A and B, and the textile of batch B only contained coating. 

However, specimens of batch B exhibit more tensile strength, strain, and modulus of elasticity 

rather than batch A, referred to in Figure 28-a and b. Furthermore, the clevis grip method was 

applied on batch C, impregnated with epoxy resin Component B [38]. 

   
a b c 

Figure 29. Pictures of (a) the failure of 4 bundles of batch A, (b) the tabs and Hilti resin of batch A, (c) 

the failure of 1 bundleôs specimen of batch A 

The data presented in Figure 30-b clearly demonstrates the absence of any slippage between the 

bundle and metallic tabs in all specimens that were tested. This observation is consistent across 

Figure 31 and Figure 31 as well. Furthermore, the HILTI resin [40] applied to the metallic tabs has 

proven to be durable; upon drying, no cracks were observed despite the clamping pressure from 

both sides.  

From the failure analysis of batch A, it is evident that there was insufficient load distribution among 

the strandsô filaments. While some individual filaments exhibited ruptures, there was no complete 

rupture, as noted [5]. However, Figure 30 illustrates that the application of component B [38] 

facilitated better load distribution among the filaments. Nevertheless, it was noted that the epoxy 

resin component B did not induce cohesive behavior in all filaments; instead, the filaments 

surrounding the inner ones adhered together due to component B.  
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a b C 

Figure 30. (a) and (b) are the failure of 1 bundle batch B, (c) the failure of 4 bundles of batch B 

Based on the data presented in Table 4 and Table 5, the combination of the clevis grip method and 

component B resulted in superior resistance compared to the specimens without coating held with 

the same set-up. Despite batch C using only 3 strands, it achieved approximately 90 % of the 

maximum tensile stress of batch B with 4 strands. Besides the elongation of batch C for not only 

1 but also 4 bundles are higher than batch Bôs specimens. 

Consequently, as Figure 31-b, shows, some inner filaments ruptured faster than those adhered 

together. A similar pattern was observed in batches B and C. This could be attributed to the clevis 

grip method used, which distributes the load more effectively among the filaments compared to 

the clamping grip method. Stress concentration in the clamping grip method can lead to filament 

damage or uneven distribution of the tensile load among the strands and filaments.  

 

   
a b c 

Figure 31. pictures of (a) and (b) are the failure of 1 bundle batch C, (c) the failure of 3 bundles of batch C 
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In Figure 28-g, it is evident that textiles of specimens from batch D held via the clevis grip method 

displayed hit the climax in terms of stress, strain, and modulus of elasticity among the rest of the 

batches.  

  
a b 
Figure 32.  (a) and (b) the failure of 4 bundles of batch D 

As depicted in Figure 32, total rupture is observed in certain strands, indicating effective 

redistribution of the load among the filaments. The use of epoxy resin MapeWrap 21 caused the 

filaments to adhere together, preventing the isolated filament ruptures seen in batch B. 

Additionally, due to the clamping grip method, there may have been uneven distribution of the 

load among the strands, leading to some strands mechanizing faster than others. 

3.3 Tensile testing of Carbon TRM  

3.3.1 Experimental Procedure  

To establish the mechanical characteristics, including the ultimate tensile stress, strain, and 

modulus of elasticity, of different matrices and carbon fiber, tensile tests were conducted on the 

composite material referred to in section 3.2.1.  

Seven different TRM composite batches were analyzed, each with varied combinations of matrices 

and resins. It is important to highlight that each batch contained only one layer of textile embedded 

within unique matrices. Moreover, various resins were applied to each textile, as detailed in section 

3.2.1. The mortars used consisted of PLANITOP HDM MAXI [38], MpWrap 21[39], and 

conventional cement [45]. 

The procedure for preparing batches 1, 2, 3, 4, and 5 of TRM followed a similar approach. Batches 

1 and 2 were cast using the provided metallic molds to produce TRM panels. These molds, sized 

at 600Ĭ600Ĭ10 mm, necessitated cutting the carbon fiber into square shapes measuring 600Ĭ600 

mm. 
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a b 

Figure 33. (a) the carbon fiber with the size of φππφππά, (b) The cutting carbon fiber located 

inside the mold recommended by AC434 [44]  

Specimens from batches 3, 4, 5, and 6 were prepared using a different mold. It is worth noting that 

wooden molds were crafted, as depicted in Figure 34, to ensure precision in the preparation 

process. These wooden molds consisted of 7 and 10 slots, each measuring 600Ĭ60Ĭ10 mm. Similar 

to batches 1 and 2, carbon textiles in batches 3, 4, and 5 were cut into rectangular shapes measuring 

600Ĭ60 mm. Epoxy resin component B from the mortar PLANITOP HDM MAXI was applied to 

the textiles of batches 1, 2, 3, 4, and 5, following the manufacturerôs guidelines. In contrast, batch 

6 textiles, also sized 600Ĭ60 mm, were impregnated with MapeWrap 21 refer to Figure 24, c. 

  
a b 

Figure 34. (a) the invented wooden mold, (b) the textiles cut to be cast inside the mold 

The mortar type for batches 1, 2, and 3, along with half of batch 5, was Planti Top mortar. However, 

batches 4 and the other half of batch 5 used a different mortar compared to the rest. Specifically, 

batch 4 and the latter part of batch 5 employed Portland cement, CEM II/A-L 42.5N [45], sand 

ranging from 0.08mm to 2mm in size, and water. Batch 6 utilized three mortar types: PLANITOP 

HDM MAXI [38], Portland cement CEM II/A-L 42.5N, and MAPEGROUT 430 ZERO [46]. 

The mesh was saturated with component B before the matrices for batches 1, 2, 3, and 4 were 

created by blending components A and B in a bucket using a hand mortar stirrer, as depicted in 

Figure 35. However, all specimens in batches 5 and 6, employing different mortars, were mixed 

using a mixing machine. 

After impregnation of the mesh by component B, the matrices of batches 1, 2, 3, and 4 were created 

by the combination of components A and B in a bucket via a hand mortar stirrer Figure 35, b. 
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However, all specimens of batches 5 and 6 with different mortars were prepared in a mixing 

machine. 

    

a b c 
Figure 35. (a) hand mortar Stirrer, (b) mixing the Component A and B, (c) The mixture machine  

 

The blending process took about 10 minutes for mortars mixed with the hand mortar stirrer 

(illustrated in Figure 35-b) and 5 minutes for those mixed with the mixing machine (shown in 

Figure 35-c). It was essential to blend at a low speed to prevent air bubbles from forming in the 

mixture, in accordance with the manufacturer's guidelines. This was especially critical for batches 

using matrices composed of PLANITOP HDM MAXI [38], which were prepared using the hand 

mortar stirrer. 

After mixing with PLANITOP HDM MAXI, a 5 mm-thick layer of matrix was applied inside two 

large metallic molds using a trowel for batches 1 and 2. Due to the size of the molds, it was 

necessary to gradually press the mortar onto the mold surface. The textiles were positioned within 

the cast matrix with the strands spaced 15 mm apart, and this same orientation was used for all 

batches. A second 5 mm-thick layer of mortar was then added to complete the TRM panel after 

placing the fiber textile. It is worth noting that the steel framework aided in positioning the textile 

between the layers of the matrix, Figure 36 exhibits the explained process. 

 

 



51 

 

   
a b c 

Figure 36. The process of TRM preparation of batches 1 and 2 inside the recommended mold of AC434 

[44], (a) the first layer of the mortar, (b) casting the prepared textile to the top of the first layer, (c) the 

second layer of matrix on the mortar. 

In the preparation of batches 3, 4, 5, and 6, a blend of PLANITOP HDM MAXI [38], traditional 

mortar, and MAPEGROUT 430 ZERO [46] mortars were poured into the molds individually, each 

with a 5 mm thickness. Using a trowel, the matrix was then pressed toward the mold for every 

specimen to ensure uniform thickness. Metallic tabs, 5 mm thick, were employed on both sides of 

each specimen to ensure alignment in the longitudinal direction (refer to Figure 37 a). 

Subsequently, the cut textiles were embedded in the poured matrix (as depicted in Figure 37 b), 

followed by the application of a second 5 mm-thick layer of matrix on top of the textiles (illustrated 

in Figure 37 c). The preparation process concluded with these steps (shown in Figure 37 d). It is 

noteworthy that batches 3, 5, and 6 were 600 mm in length, while batch 4 measured 300 mm. 

    
a b c d 

Figure 37. (a) The cast of the first layer of the matrix (b) the fabrication of the textile, (c) the second 

layer of the mortar with embedded textile, (d) The prepared TRM specimens 

After preparing the specimens inside the molds, they were all sealed with nylon plastic covers for 

four days under laboratory conditions at 23 ÁC and 60 % humidity. 
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a b 

Figure 38. (a) and (b), show the unmolding process from the mold made by AC434[44] 

Having been unmolded after the mentioned duration Figure 38, the specimens of batches 1 and 2 

were cut into rectangular panels with the size of υπυππ άά by a concrete saw Figure 39.  

   
a b c 

Figure 39. (a) (b) and (c) are the process of cutting the specimens of batches 1 and 2 via a concrete 

saw 

Because the wooden mold was utilized, there was no requirement to cut any of the specimens 

reffered to Figure 40. Following this, the specimens from batches 1, 2, 3, 4, 5, and 6 were moved 

to a chamber maintained at 20 ÁC with a relative humidity of 90 % for a duration of 7 days. 

Subsequently, they were transferred to a separate chamber with a temperature of 23 ÁC and a 

humidity level of 60 %, where they remained until the day of testing. 

  
a b 

Figure 40. Unmoulding the specimens of batches made inside wooden molds, (a) dried specimens. (b) 

unmoulded specimens 
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3.3.2 Mortar characterization 

The mortars, which are prepared to embed the textile for TRM tensile tests, need to undergo testing 

to determine their flexural and compressive strength. The flexural test provides valuable insights 

into the mortar's tensile strength and deformation capacity [48-49], while the compressive strength 

test assesses the durability of these materials under applied loads throughout their lifespan [49-

27]. 

Relying upon annex Bôs Table B.1 of BS EN 1015-11 [51], the loading rates of the mortars get 

identified and based on the data sheet of the manufacturer [38] and according to EN 998-1 [52], 

the Planitop HDM Maxi is classified as CS IV and M25 according to EN 998-2 [53] for the 

compression test. 

As stated earlier, once components A and B were mixed (as depicted in Figure 35), they were 

applied to the TRM molds. The mortars were then poured into a standard metallic mold using a 

trowel, forming two uniform layers (shown in Figure 41). Following the guidelines of BS EN 

1015-11 [51], each layer was compacted using a tamper, requiring 25 strokes for adequate 

compaction (as seen in Figure 41-b). After compaction, a palette knife was used to smooth the 

mortar surface to match the mold (depicted in Figure 41-c). 

   
a b c 

Figure 41. (a) the metallic mold based on BS EN 1015-11 [51], (b) the first layer hit by a tamper, (c) 

the mortar flatted via a palette knife 

Following this, the molds were sealed using polyethylene bags for a period of 4 days. 

Subsequently, the specimens were removed from the molds, as depicted in Figure 42, and placed 

in a chamber with a relative humidity of 90 % and a temperature of 20 ÁC. They remained in this 

chamber for approximately 17 days before being transferred to another chamber with a relative 

humidity of 60 % and a temperature of 20 ÁC for an additional 9 days. 
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Figure 42. The unmolded specimens  

The dimensions of the specimens from all batches were gauged with a caliper and documented in 

Appendix A1, with the nominal measurements listed as follows: Length = 160 mm, depth = 40 

mm, base = 40 mm. Subsequently, the specimens were relocated from the chamber to the testing 

area, where testing for the flexural strength of the mortar was initiated using the Ibertest 10 flexural 

machine, depicted in Figure 43-b. 

   
a b c 

Figure 43. (a) The specimens were labeled, (b) the machine that the flexural test was performed by, (c) 

The specimen was prepared for the test 

To ensure failure occurred within a controlled window of 30 to 90 seconds, the mortars underwent 

testing with a consistent load application rate of 50 ὔȾὛ, devoid of abrupt shocks [51]. After 

documenting the maximum loads (ὔ) applied to each specimen from the various batches, as 
depicted in Figure 43-a, the fractured specimens were readied for compression tests. It is important 

to note that each specimen was split into two pieces, as illustrated in Figure 44-b. 

  
a b 

Figure 44. (a) The specimen broke from the middle into two pieces, (b) the specimen was prepared for 

the compression test 
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The corresponding flexural strength was calculated by implementing the formula that was given 

by BS EN 1015 part 8.3 [51]. 

Ὢ ρȢυ
Ȣ

Ȣ
 ὔȾάά  

Equation 4  

F: The maximum applied load (N) 

B: The dimension of the specimenôs base (mm) 

D: The dimension of the specimenôs length (mm) 

The corresponding density was calculated by dividing the mass over the specimenôs volume. 

 ”     

Equation 5  

M: Mass of the specimen 

V: Volume of the Specimen 

Table 6. Average results of flexure tests over mortar specimens of all batches with coefficient of variation1   

 
1 All flexural strength results, along with corresponding diagrams of individual specimens, are detailed in Appendix 

A. 

Specimen Maximum load 

F(N) 

Flexure strength 

(N/mm2) 

Length 

(mm) 

Depth 

(mm) 

Base 

(mm) 

Weight 

(gr) 

Density 

1-M_ PlantiTop 

Mean Value (CoV) 
2777.70 

(0.116) 

6.50 

(0.119) 

160 

(0.0) 

40 

(0.0) 

40 

(0.0) 
_ _ 

2-M_ PlantiTop 

Mean Value (CoV) 
3222.90 

(0.076) 

7.30 

(0.084) 

160 

 (0.0) 

40 

(0.0) 

40 

(0.0) 
_ _ 

3-M_ PlantiTop 

Mean Value (CoV) 

3691.30 

(0.064) 

 

8.70 

(0.065) 

 

160 

(0.0) 

 

40 

(0.0) 

 

40 

(0.0) 

 

482.70 

(0.011) 

1885.40 

(0.011) 

4-M_Portland 

Mean Value (CoV) 

3543.80 

(0.064) 

7.70 

(0.065) 

160.60 

(0.003) 

42.60 

 

40.20 

(0.009) 

556.20 

(0.004) 

 

2022 

(0.013) 

5-M_ PlantiTop            

Mean Value (CoV) 

4069.90 

(0.160) 

8.70 

(0.123) 

 

160.00 

(0.0) 

40.70 

(0.028) 

41.60 

(0.034) 

462.80 

(0.005) 

1712.40 

(0.005) 

5-M_ Portland 

Mean Value (CoV) 

4224.10 

(0.030) 

9 

(0.019) 

160.40 

(0.002) 

40.40 

(0.008) 

41.60 

(0.008) 

562.30 

(0.008) 

2086.60 

(0.007) 

6-M_ Portland 

Mean Value  (CoV) 

4065.90 

(0.064) 

9.30 

(0.062) 

161 

(0.005) 

41 

(0.0) 

40 

(0.0) 

552.70 

(0.004) 

2093.10 

(0.002) 

6-M_ Mapegrout 

Mean Value (CoV) 

3505.50 

(0,091) 

 

8.00 

(0,093) 

160.80 

(0.002) 

 

40.90 

(0.014) 

40.00 

(0.0) 

518.00 

(0.010) 

1970  

(0.019) 

6-M_ PlantiTop 

Mean Value (CoV) 

3688.70 

(0,131) 

8.40 

(0,143) 

161.20 

(0.005) 

41.40 

(0.011) 

40 

(0.00) 

454 

(0.015) 

1703.30 

(0.017) 
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The specimens for flexural strength testing were halved, and each piece was compressed 

individually using the Ibertest 200 compression machine, depicted in Figure 45-a and b. Ensuring 

proper alignment was essential to simulate cube-like conditions during compression. Load 

application followed the EN 1015-11 [51], standard, with a rate of 400 ὔȾὛ.  

  

 

 
a b c 

Figure 45. (a) compression machine Ibertest 200, (b) the specimen placed within the machine, (c) and 

(d) both parts of the specimen broke under the flexural force 

 

The corresponding compression strength was calculated by implementing the formula that was 

given by BS EN 1015 part 9.3 [51]. 

Ὢ
Ὂ

ὦ
ὔȾάά  

Equation 6  

 

 

 

 

 

 



57 

 

 

 

Table 7. Results of compression tests over half mortar specimens of all batches2
 

Specimen Compressive strength (N/mm2) 

1-M_PlantiTop                                       

Mean Value (CoV) 
26.30 (0,061) 

 2-M_ PlantiTop   

Mean Value (CoV) 
29.50 (0.112) 

3-M_ PlantiTop 

 Mean Value (CoV) 
29.00 (0.027) 

4-M_Portland Mean 

 Value (CoV) 
37.10 (0.048) 

5-M_ PlantiTop 

 Mean Value (CoV) 
 37.30 (0.027) 

5-M_ Portland 

 Mean Value (CoV) 
46.60 (0,019) 

6-M_Portland 

 Mean Value (CoV) 
49.60 (0.027) 

6-M_Mapegrout 

 Mean Value (CoV) 
48.20 (0.032) 

6-M_PlantiTop  

Mean Value (CoV) 
34.30 (0.043) 

 

The presented Table 6 and Table 7 enumerates the flexural and compressive strength of batches 1, 

2, and 3, made by Planitop HDM Maxi [38]. Although the same mortar implemented in the 

mentioned batches, the flexural and compressive strength of batch 3, due to vibration at 60 Ὄὤ per 
layer over 3 layers shown in Figure 46 higher than batches 1 and 2.   

 
Figure 46. vibrating the specimen with a vibrator 

 
2 All compressive strength results, along with corresponding diagrams of individual specimens, are detailed in 

Appendix A. 
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Vibration was necessary for the cement to mobilize adequately, initiating the plasticity of the 

matrix. This ensured the elimination of air bubbles within the cement, proper blending with 

aggregates, and the achievement of homogeneity [54]. 

To compare the flexural and compressive strength of batch 3 utilizing Plantitop HDM Maxi and 

batch 4 made of Portland cement, the flexural strength of batch 3 is higher, despite the compressive 

strength being lower than batch 4.  

The batch 5 involved the mixing of two cement types, Planti Top Hdm Maxi and Portland, using 

a mixing machine. Reducing the vibration during casting in batch 5 led to increased flexural 

strength for both cement types compared to previous batches. Moreover, in spite of the comparison 

of the results of batches 3 and 4, Portland cement's flexural and compressive strength were higher 

than that of Planti Top cement in batch 5. 

Three types of cementðPortland, Mapgrout, and Plantitopðwere simultaneously assessed in 

batch 6, similarly to other batches,  Portland cement outperformed Mapgrout and Plantitop in both 

flexural and compressive strength. Notably, the specimens in batch 6 were vibrated using a bar, 

with 25 strokes per layer, totaling 50 strokes, which contributed to their increased resistance 

compared to other batches. 

3.3.3 Tensile test set-ups 

Numerous set-ups were utilized throughout the experimental process across batches 1 to 6, in order 

to compare their effectiveness to fully characterize the tensile response of TRM. 

The specimens of batches 1 and 2 were positioned in the mechanical testing machine known as 

Instron 8505, by fastening two shackles with different sizes on each side of the specimens to limit 

the movement and avoid having a flexural impact. In order to prepare the specimens, two metallic 

tabs with a length of ρππ άά and width of υπ άά that a hole pierced in each one was employed. 

The metallic tabsô surfaces were scratched to turn prickly so that the tabsô cohesion was enhanced 

so as to get attached to each side of the TRM via the epoxy resin HIT-RE 500 V4[40] and Sikadur 

30 [41]. The free length remained from TRM among the tabs was around 300 άά.  
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a b 

Figure 47, (a)  the length of the specimen that glued with Sikadur 30, (b) The clevis grip method that glued with 

the metallic tabs 

The Rilem method [21] was utilized to secure the remaining specimens from batches 1 and 2, 

involving the arrangement of seven specimens similar to the clamping grip method. Rubber 

encasements were employed to enhance friction and protect specimen surfaces between the tabs 

referred to in Figure 48- a.  

Caution was exercised during the tightening process to avoid unbalanced forces and potential 

microcracks referred to in Figure 48-b. Each bolt was stiffened individually, due to unquantifiable 

lateral pressure, ensuring careful handling. With an overlap length of 125 mm between the tabs 

and specimens on each side, six specimens had free lengths of 250 mm, while one specimen had a 

length of 150 mm. 

   
a b c 

Figure 48.  pictures (a) The rubber was located under the specimen, (b) the Rilem set-up, (c) The crack 

made by the stiffing process, d. Rilem method of the specimensô batches 1 and 2 

Additionally, certain specimens were held in place using the Instron 8800 clamping mechanism. 

Despite the use of rubber components to secure the specimens and mitigate damage to the matrix, 
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some specimens were still adversely affected by the clamping process, as illustrated in Figure 50-

b. 

  
a b 

Figure 49. (a) The specimen was held via Rilem method, (b) The specimen was clamped via Instron 

8800 and the cracks appeared during clamping 

During the setups for batches 3 and 4, adjustments were made to the clevis grip method, involving 

the direct attachment of tabs to the textile using epoxy resin Sikadur 30, as shown in Figure 50. 

For batches 5 and 6, a hybrid of the Clevis grip and Rilem methods was utilized. The specimens' 

free lengths were roughly 250 mm for batch 3 and 300 mm for batches 4, 5, and 6, considering the 

10 mm length of the metallic tabs on both sides. 

  
a b 

Figure 50. the specimens (a) before bonding the tabs via Sikadur 30, (b) the specimens after bonding 

the tabs 

As previously noted, specimens from batches 1 to 5 had their entire textile infused with epoxy 

resin component B, while MAPEWRAP 21 was used for this purpose. Furthermore, conventional 

mortar acted as the matrix for batch 4 specimens, some from batches 5 and 6, while Plantitop 

mortar was utilized for batches 1 to 3 and part of batches 5 and 6. Mapegrout cement was chosen 
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as the matrix for batch 6 specimens, and Figure 51 shows the all specimens  held with clevis grip 

method. 

    
a b c d 

Figure 51. Clevis grip and grip modified method of (a) batch 3, (b) batch 4, (c) batch 5, (d) batch 6 

Each specimenôs dimensions such as thickness, width, and length were measured by a caliper in 

three areas, from the sizes of implemented specimens were seen in Appendix A1. The specimens 

listed in Table 1 are named CR_HS/GS/RS_L_W_A_N, where C= carbon fiber, R=the type of 

resin known as B or M (component B and MapeWrap 21), S = specification of the batch (1,2é,7), 

H= Clamping grip method, G = Clevis grip method, GM= Clevis Grip Modified Method, R= Rilem 

method, L = length of the specimen, W= width of the specimen, A= the type of the matrix (H= 

Planti Top HDM Maxi, P= Portland Cement, M= Mapgrout) top, and N = number of the specimen.  

All specimens underwent testing at a rate of 0.20 άάȾάὭὲ according to AC434 [44] 

recommendations until cracks were observed. Subsequently, the testing speed was increased to 

1.00 άάȾάὭὲ until test failure.  

Digital Image Correlation (DIC) technology was employed to measure longitudinal strain during 

testing of batches 1 and 2, where specimens were set-up using the clevis grip method. These 

specimens were initially coated with non-reflective white paint, followed by the application of 

black spray paint to create speckled patterns on the specimen surface for DIC camera analysis.  

The longitudinal strains of the remaining specimens were determined using two LDVTs for those 

installed with the modified clevis grip set-up, while batch 4 specimens were assessed with one 

LDVT, applying a 10 άά stroke on one side. It is important to note that the LDVTs were mounted 

on aluminum supports specifically designed for each setup type. 

The stress values presented Table 8 in were derived by dividing the applied load by the area of the 

textile, represented as ὲȢὃ, where ὲ signifies the number of longitudinal yarns in each specimen. 
Moreover, the stress of the specimen before the onset of cracking (stage 1) was determined by 

dividing the applied load by the gross section extracted from the laboratory using a caliper, denoted 

as „ . 
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Table 8. Average Stress, strain, and modulus of elasticity of all batches3 

Specimen „ 

(N/mm2) 

‐ 

(%) 

Ὁ 

(GPa) 

„ 

(N/mm2) 

‐ 

(%) 

Ὁ 

(GPa) 

„ 

(N/mm2) 

‐ 

(%) 

Ὁ 

(GPa) 

„  

(N/mm2) 

CB_G1_500_50_01 

Average 
655 

0.49

% 
4365.44 - - - - - - 3 

CoV 0.28 1.68 0.49 - - - - - - 0.25 

CB_R1_500_50_01 

Average 
570 

0.83

% 
1922.35 - - - 767 2.32% 8422.5 2.7 

CoV 0.43 0.45 0.31 - - - 0.20 0.585 0.74 0.20 

CB_GM3_250_60_05 

Average 
564 

0.13

% 
697.57 - - - 1443 1.12% 97422 8 

CoV 1.20 0.90 1.17 - - - 0.19 0.515 0.17 0.18 

CB_G4_250_60_01 

Average 
453 

0.35

% 
110.94 - - - 1823 1.36% 150322 9 

CoV 0.49 0.40 0.57 - - - 0.04 0.095 0.051 0.05 

CB_R5_600_60_03_p 

Average 
594 

0.03

% 
2800 - - - 1122 0.78% 145350 6 

CoV 0.28 0.78 0.73 - - - 0.25 0.521 0.36 0.25 

CB_R5_600_60_M 

Average 
826 

0.15

% 
1564.94 736 1.00% 101982 1224 1.24% 96877 6 

CoV 0.22 1.48 0.73 0.008 1.12 1.19 0.39 0.922 1.40 0.42 

CM_GM_600_60_1_P 

Average 
759 

0.03

% 
4500 1010 0.60% 106253 3013 1.90% 154889 14 

CoV 0.13 0.81 0.89 0.27 0.75 0.64 0.18 0.271 0.11 0.20 

CM_GM_600_60_M 

Average 
776 

0.05

% 
2264.28 1035 0 66593 2900 1.90% 129473 14 

CoV 0.18 0.80 1.08 0.24 0.45 0.78 0.078 0.286 0.23 0.059 

 

CM_GM_600_60_1_

E Average 

508 
0.09

% 
3621.46 725 0.43% 82865 3392 2.26% 150258 16 

CoV 0.48 1.30 1.52 0.27 0.29 0.64 0.102 0.081 0.06 0.098 

CR_HS/GS/RS_L_W_A_N, where C= carbon fiber, R=the type of resin known as B or M (component B and MapeWrap 21), S 

= specification of the batch (1,2é,7), H= Clamping grip method, G = Clevis grip method, GM= Clevis Grip Modified Method, 

R= Reilem method, L = length of the specimen, W= width of the specimen, A= the type of the matrix (H= Planti Top HDM 

Maxi, P= Portland Cement, M= Mapgrout) top, and N = number of the specimen. 

 

оΦоΦп Results and Discussion 
TRM Batches 1 and 2 based on clevis and Rilem method 

Stress-strain diagrams of the different specimens are given in Figure 52. The figure also includes 

the stress-strain diagram of the bare carbon mesh via a dashed line. 

 
3 The amount of each specimen were seen in Appendix A 
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a b 

Figure 52. Diagrams of Batch 1 and 2 with (a) Clevis grip method, (b) Rilem Method 

Upon reviewing the data provided in Table 8, it becomes evident that TRM batches 1 and 2, when 

examined using the clevis grip method, exhibit significantly higher levels of tensile strength and 

notably lower ultimate strain values compared to those tested utilizing the Rilem set-up. 

Specifically, the clevis grip method demonstrates a tensile stress approximately 14 % higher than 

that of the Rilem setup, while also showcasing a strain before the first crack occurrence that is 

roughly 60 % lower. 

Furthermore, the average strength over the gross section („ ) of the clamping set-up is lower than 

that of the Rilem setup. Table 8 also illustrates the modulus of elasticity of stage 1, revealing values 

wherein the elastic modulus for the clevis grip set-up is significantly higher than that of the Rilem 

set-up. 

Failure modes of batch 1 and 2 based on the clevis gripping method: 

During the tensile testing of batches 1 and 2 using the clamping grip method, three failure modes 

were observed: A) rupture of most strandsô filaments at cracks distant from the setup; B) rupture 

of most strandsô filaments at cracks close to the setup; C) crack development accompanied by 

strand slippage and rupture. 

After the crack development or stage 1, a telescopic failure occurred due to epoxy resin 

impregnation, causing filaments around the core to adhere to the matrix while the core filaments 

slipped from the cracked locations like Hartig et al. [2] that used the clamping and clevis grip 

method and the cracks appeared in set-up zone for the clamping and clevis grip method and it was 

extracted from the specimens that the textile used without coating. 

Diagrams from the Clevis grip method for batches 1 and 2 only depicted stage 1; subsequently, 

textiles began slipping, and bundles acted as bridges between matrix pieces. However, the average 

bundle tensile strength (655 ὔȾάά) was significantly lower than the result of the bare textile 

tensile test (2031 ὔȾάά)  in batch C.  
























































































































