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Abstract

Steel tubular T-joints usually are crucial and vulnerable due to axial compressive and cyclic loading. Steel joint has gained prominence in frame construction, with Carbon-Fiber-Reinforced-Polymer (CFRP) being widely used to strengthen and rehabilitate steel structural elements. Recognized for its corrosion resistance, durability, and strength, CFRP stands as the primary choice for retrofitting. Its durability enables it to bear heavy loads, while its lightweight properties mitigate additional dead loads, making it a fundamental component in modern applications. Various factors can compromise the strength of steel structures, including corrosion, temperature fluctuations, increased live loads, and diverse load types (static, dynamic, compressive, and axial loading), among others. This research objective is to investigate the increase in strength and behavior of steel beam-column joints reinforced with CFRP under both compressive and cyclic loading conditions. Utilizing the finite element software ABAQUS, the project conducts a numerical analysis of three types of T-joints depending on the section profile of the beam and column under various loading scenarios. Material and Geometrical non-linearity (*NLGEOM) was considered for the analysis. The developed finite element model is validated with test results. Initial simulations involve modeling T-shaped steel joints without CFRP retrofitting and subjecting them to loading conditions. Excellent agreement has been attained between the FE simulations and the tested results. Subsequently, T-shaped steel joints retrofitted with CFRP are modeled and subjected to identical loading conditions. The maximum load-carrying capacity of the reference model and the CFRP-strengthened model were compared. The results showed superior load-carrying capacity and cracking stress performance for CFRP-retrofitted T-joints. Load-displacement hysteresis responses of the bare and CFRP strengthened steel joints have been presented in this research, which enhances load-carrying capacity and energy dissipation for seismic events. Thus, integrating carbon fiber reinforced polymer (CFRP) into steel joints improves performance, structural integrity, and resilience. Through meticulous numerical analysis facilitated by ABAQUS, the study confirms the efficacy of CFRP retrofitting in deficient steel joints, promoting safer and more durable structures in contemporary construction practices.
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[bookmark: _Hlk165362520][bookmark: _Hlk165362619]Introduction

[bookmark: _Hlk165362675][bookmark: _Hlk165362609]Beam-Column T-joints made of mild steel (MS) are increasingly used in modern construction due to their lightweight design, structural efficiency, low cost, high strength-to-weight ratios, and economic feasibility. T-joints are crucial structural components in tubular structures, transferring loads[1]. A collapse of a steel structure can cause progressive damage to the entire structure. Factors contributing to joint collapse include overloading, poor design, material inadequacies, fatigue, problematic welding or connection techniques, corrosion, mismanagement, inappropriate load distribution, and environmental conditions [2]. Earthquakes are another major cause of joint failure, with recent earthquake activity in Bangladesh increasing due to tectonic plates surrounding the country. The earthquake-prone regions of Calcutta, Assam, and Tripura are located near Bangladesh, and the type and intensity of seismic activity are still unknown. As a result, strict building codes and restrictions related to earthquakes have been added. When defective structural steel members are put under monotonic and seismic loads, they may get worn out and crack. Fracture-induced failure of critical members in steel structures can lead to significant structural damage, constituting a primary concern among designers. Externally bonded Carbon Fibre Reinforced Polymer (CFRP) strengthening can be considered to solve this problem [3].
CFRP, known for its exceptional properties, strengthens mild steel T-joints through bonding and friction, ensuring resilient and efficient structures. Using adhesively bonded Carbon Fibre Reinforced Polymer (CFRP) sheets to strengthen steel structural components is an innovative approach that shows promise in addressing problems compared to traditional methods because it can address certain limitations associated with conventional metal reinforcing methods. There is currently a significant interest in utilizing Fibre Reinforced Polymer (FRP) materials for strengthening existing structures. The key advantages of FRP are high resistance to corrosion, efficient installation [4], high tensile strength [5] and an impressive strength-to-weight ratio [6, 7]. When the FRP material adheres to the surface of the metal plate, it creates a composite action in the structure, causing them to deform together as a single unit.

Defective structural steel members may experience fatigue and develop cracks when subjected to seismic loads, a phenomenon that can be replicated via cyclic loading [8]. Previous many studies address the use of carbon fiber-reinforced polymer (CFRP) composites and epoxy glue as reinforcement for welded beam-column connections under monotonic and cyclic loading [8–10]. Extensive testing was done on both plain and CFRP-reinforced connections, indicating that CFRP strengthening greatly enhances ultimate moment capacity, stiffness, energy dissipation, and ductility under monotonic loading. It also promotes hysteresis behavior [10], stiffness, and energy dissipation capacity under cyclic loading.

Some research explores the behavior and enhancement of steel tubular joints using Finite Element Method (FEM) analysis, with a focus on Square and Circular Hollow Section (SHS and CHS) K-joints reinforced with Carbon Fibre Reinforced Polymer (CFRP) [11–13]. Various FEM tools, including ANSYS and ABAQUS, were employed to simulate and validate the structural performance under different loading conditions. Additionally, three different studies showed a two-step technique to evaluate the numerical modeling and dynamic analysis of carbon fiber-reinforced polymer (CFRP)-strengthened columns under transverse impact loading [14, 15]. The studies investigated parameters such as wrapping length, material properties, and stress distribution. Validations through experimental and numerical analysis confirm the effectiveness of these techniques, with FEM predictions closely matching experimental data, making FEM a reliable tool for structural analysis and optimization.

The Bangabandhu Multipurpose Bridge in Bangladesh, facing structural deficiencies since 2006, is undergoing critical repairs by China Communication Construction Company (CCCC) with guidance from Bangladesh University of Engineering and Technology (BUET). The project, initiated in 2011 with a budget of Tk 243 crore, employs 500 workers, including 106 Chinese laborers, to ensure long-term durability [16].

The aim of this research is to create a finite element model to numerically study the behavior of beam-column steel joints reinforced with CFRP, as well as the structural strength and load-carrying capacity enhancement of CFRP-reinforced T-joints under compressive and cyclic loading conditions. Numerical software (ABAQUS) has been used to simulate plain and CFRP retrofitted beam-column T-joints. Three different models have been simulated depending on their section profiles. Satisfactory results were found that referred T-joints, crucial in structural engineering, reinforced with Carbon Fiber Reinforced Polymer (CFRP) can enhance strength and load-bearing capacity, offering rapid rehabilitation and cost-effective solutions for deficient joints in buildings and bridges.

Material Properties   

To effectively analyze the debonding behavior between FRP sheets and steel using numerical methods, it is essential to use the experimentally established material parameters accurately into the property module of ABAQUS.
Mild steel, also known as low-carbon steel, is a type of carbon steel with a low carbon content, ranging from 0.05-0.25%. It is known for its strength and toughness, but is not easily bent. It is widely used in various industries due to its low cost, simplicity of manufacturing, and adaptability. Despite its low tensile strength, it is economical to operate and modify. Mild steel is ideal for large cross-sections to minimize deflection and yield failure, making it an ideal material. ASTM A36/A36M is one of the most common mild steel grades used in construction and general structural applications. According to ASTM A36, general properties and chemical compositions are given on bellow table:
	Properties

	Density
	7,850 kg/m3 (0.284 lb/in3)

	Poisson's ratio
	0.26-0.30

	Young's Modulus
	200-210 GPa (29,000 ksi).




	Constituent Elements
	Constituent Elements (%)

	Carbon, C
	0.25 - 0.290

	Copper, Cu
	0.20

	Iron, Fe
	98.0

	Manganese, Mn
	1.03

	Phosphorous, P
	0.040

	Silicon, Si
	0.280

	Sulfur, S
	0.050



(Eta kono Paper theke Reference kore dis)
From above Stress-Strain Curve:


	Properties

	Yield Stress
	367.9 N/mm2

	Yield Stain
	0.00171 mm/mm



The engineering stress-strain curve is a fundamental tool in materials engineering, illustrating the relationship between applied stress and resulting strain during deformation. Stress (force per unit area) and strain (deformation relative to the original dimensions) are typically plotted assuming a constant cross-sectional area throughout the process. The curve typically exhibits an elastic region where deformation is reversible, followed by a plastic region marked by permanent deformation. The yield point, where plastic deformation begins, is a critical parameter in design considerations. However, beyond the yield point, the curve may exhibit a decrease in stress due to necking, making it less representative of the material's true behavior.
[image: ]Carbon Fiber Reinforced Polymer (CFRP) is a highly durable material with exceptional mechanical properties, making it ideal for aerospace and automotive applications due to its high strength-to-weight ratio, stiffness, corrosion resistance, fatigue resistance, and impact resistance. According to [17] the fiber snaps with extremely modest strain when it is bent. Furthermore, Carbon fiber reinforcement in CFRP composites is crucial for their mechanical properties, as the arrangement of layers directly impacts strength, stiffness, and overall performance. The arrangement can be one-directional, two-directional random arrangement, or two-directional arrangement-oriented, with the direction of the load affecting the material's performance.
[bookmark: _Toc162029248]Figure 0.1 Representative stress-strain curves of stainless steel and FRP
(Islam, 2012)

Table 3.5 Properties of CFRP (Shin et al., 2014; Sudhir Sastry et al., 2014).

	Properties

	Nu12 = Nu13
	Nu23
	G12 (MPa)
	G13 (MPa)
	G23 (MPa)
	Density (ton/mm3)

	0.32
	0.45
	4500
	4500
	2500
	1.80E-09

	Yt (MPa)
	Yc (MPa)
	SL (MPa)
	ST (MPa)
	
	

	50
	1690
	120
	90
	
	

	Gmt (mJ/mm2)
	Gmc (mJ/mm2)
	
	
	
	

	0.3
	0.3
	
	
	
	



[bookmark: _Toc161987510]Table 0.1 Properties of Adhesive (Islam & Young, 2012).
	Properties

	Quads Damage
	
	

	Nominal Stress
Normal-only Model
	Nominal Stress
First Direction
	Nominal Stress
Second Direction

	13
	13
	13

	Damage Evaluation
	
	

	Displacement at Failure
	
	

	2.5
	
	

	Elastic
	
	

	E/Enn
	G1/Ess
	G2/Ett

	1800
	600
	600



The numerical analysis utilized CFRP with a fiber strength of 4900 MPa, fiber stiffness of 230 GPa, and fabric thickness of 0.1 mm. The adhesive qualities of the material are characterized by a tensile strength of 49.8 MPa and a shear strength of 29 MPa. The properties listed above were derived from cited papers [18, 19]. 

Three steel joint models are used, with specimen dimensions based on local market availability.Figure 1: Schematic view of beam-column joints

Table 2: Specimen dimensions for FEA Model
	Model
	Specimen material
	Thickness (mm)
	Dimension (mm)

	Square Section Model
	Mild Steel
	1.30
	305 x 305 x 51

	I-Section Model
	
	1.30
	305 x 305 x 51

	Circular Section Model
	
	2.30
	305 x 305 x 51









Numerical Analysis

ABAQUS/CAE 2020 has a structured workflow for designing specific models, divided into modules in the ABAQUS interface. These models consist of various parts like beams, columns, CFRP, adhesive, welding portions, and load cells. Material properties are defined in the material property section. Two models are created: one of bare metal and the other of CFRP-strengthened metal. In engineering simulations, interactions between different parts are defined to accurately model complex behaviors like friction, surface-to-surface contact, and material interactions.
When creating models, several components are brought together to create the final structure; these specific components are referred to as part instances. Within the scope of this experiment, the model was comprised of steel beam, steel column, FRP and adhesive layers. Often, it is more effective to individually model each of these parts before merging them. This method is particularly advantageous when dealing with complex arrangements. Steel, FRP sheets and adhesive layers serve as reusable and assembled constituents in the numerical model. Each of these individual part instances has uniform internal mechanical properties and is modeled separately. It is crucial to emphasize that these individual components are not examined separately, but rather within the framework of a whole model. Mild Steel
Adhesive
CFRP
Weld
Mild Steel
Adhesive
CFRP
Weld
Mild Steel
Adhesive
CFRP
Weld
(a) Square Section
(b) I-Section
Figure 2: Assembly of Square section, I-section and Circular section
(c) Circular Section




Seismic load was defined as a cyclic loading protocol, according to the story drift concept described in BNBC-2020. Story drift refers to the lateral displacement of a floor in relation to the floor underneath it. The story drift ratio was determined by dividing the story drift by the story height.

	Table 6.2.21: Allowable Storey Drift Limit (△a)

	Structure
	Occupancy Category

	
	I and II
	III
	IV

	Structures, other than masonry shear wall structures, 4 stories or less with interior walls, partitions, ceilings and exterior wall systems that have been designed to accommodate the story drifts.
	0.025ℎsx
	0.020ℎsx
	0.015ℎsx

	Masonry cantilever shear wall structures
	0.010ℎsx
	0.010ℎsx
	0.010ℎsx

	Other masonry shear wall structures
	0.007ℎsx
	0.007ℎsx
	0.007ℎsx

	All other structures
	0.020ℎsx
	0.012ℎsx
	0.010ℎsx

	Notes: 
1. ℎsx is the story height below Level. 
2. There shall be no drift limit for single-story structures with interior walls, partitions, ceilings, and exterior wall systems that have been designed to accommodate the storey drifts. 
3. Structures in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered from their base or foundation support which are so constructed that moment transfer between shear walls (coupling) is negligible.



Figure 3: Storey drift (BNBC 2020, Page: 3229) and Cyclic loading protocol

As this analysis contains 3 different model of different section profile, meshing all those parts required different types of mesh elements, elements shape and mesh technique. Mesh size is modest to enable more accurate. Parts are used to mesh. In Figure 5, meshing has been demonstrated for several model.(b) I-Section

(a) Square Section
(c) Circular Section

[bookmark: _Ref161965679][bookmark: _Toc162029269]Figure 0.2 Meshing of the finite element models


	Part Name
	Element Type
	Total Number of Elements (Approximate)
	
	Parts Joint
	Interaction/Constraint

	Column
	C3D8R
	1044
	
	Column Bottom
	Fixed

	Beam
	C3D8R
	936
	
	Column Top
	Fixed

	CFRP-1
	S4R
	288
	
	Beam to Weld
	Tie

	CFRP-2
	S4R
	900
	
	Beam to Adhesive
	Tie

	Adhesive
	COH3D8
	156
	
	Adhesive to CFRP
	Tie

	Welded Portion
	C3D8R
	100
	
	
	

	Load Cell
	R3D4
	182
	
	
	



The ABAQUS simulation was executed after completing all necessary steps, including meshing. A job was created and submitted to simulate the model. Upon successful completion, results were visualized using the visualization module. Deformed shapes of the models were observed, necessary data was extracted, and calculations were performed to generate results for comparison.

Experimental Model

For validating numerical model with experimental data, circular pipe T joints ware prepared with steel pipes of dia = 305 mm and thickness = 2.3 mm. Two different specimen was prepared where one was tested without CFRP and another was tested with CFRP condition.  CFRP was wrapped with Adhesive & Putty as primer. For this experiment, Compression Testing Machine (CTM) was used to apply compressive force over the specimen. The CTM, which is made up of a sturdy load frame and a hydraulic or mechanical system, delivers regulated compressive stresses on cylindrical or prismatic steel bars that are sandwiched between fixed and moveable plates. LVDT Meter sensors were positioned at the T-joint to detect deflections. LVDTs are known for their high precision, durability, and resilience, making them perfect for a wide range of applications including industrial automation, aerospace, automotive, and scientific equipment that require accurate linear displacement measurement.







Movable Upper End Support

Movable Upper End Support

Bottom End Support
Specimen
LVDT



Results and Discussions
Experimental Validation

Validating civil engineering numerical models ensures accuracy by comparing outputs with experimental data, optimizing designs, and reducing risks for safer, more efficient projects.
[bookmark: _Toc162029272]Figure 5: Comparison of Experimental and Numerical Deformation without CFRP
[bookmark: _Toc162029271]Figure 6: Comparison of Experimental and Numerical deformation with CFRP

The experimental and numerical simulation deformation patterns for CFRP- and non-strengthened specimens were almost same, as Figure 6 and Figure 7 demonstrate. The alignment and identical deformation patterns clearly demonstrate that the numerical model can effectively reflect the structural response.



Experimental specimens showed ultimate loads of 15.89 kN and 24.9 kN, while numerical models projected 17.85 kN and 27.31 kN without and with CFRP respectively, indicating 12.33% and 9.68% differences respectively, emphasizing the importance of precise material properties in ensuring model accuracy.

Under Monotonic Loading

Following experimental validation, each of the three models was independently simulated under monotonic loading in both the non-CFRP and CFRP conditions, using a downward vertical displacement of u=30mm to approximate monotonic loading.





















Simulation results show that retrofitting steel joints with CFRP significantly improves performance. Non-strengthened joints have von Mises stress of 496–1100 MPa, indicating the need for reinforcement. Strengthened joints reach 1913–4937 MPa, demonstrating increased load-bearing capacity and reduced stress concentration, enhancing structural integrity.Figure 10: Load-displacement curve(a) and Comparison of load-bearing capacity between without CFRP and with CFRP(b)







The load versus displacement curves for the numerical model under monotonic loading are shown in Figure 10. The T-joints with square section exhibited a maximum peak load value of 18.57 kN at a 30 mm vertical displacement. After reaching this peak load, the specimen experienced a loss of stiffness, and the load began to decrease, indicating the sample's failure. Due to the higher stiffness of CFRP, the retrofitted model displayed a peak load value of 23.53 kN, an approximate increase of 26.71%. For the I-section T-joint, load-carrying capacity increased from 14.33 kN to 17.87 kN, with an almost 26.11% strength increase due to CFRP retrofication. This increase in joint strength was also significant for the circular hollow beam column, which increased by 17.26%.

Under Cyclic Loading

Joints retrofitted with CFRP demonstrate higher performance under monotonic stress, hence all three models were simulated for a 15-second time period as an example of cyclic loading with defined boundary conditions.
Hysteresis loop analysis is a method of visually representing the loading and unloading curves of both the bare and CFRP reinforced joints in order to assess the cyclic loading characteristics of the T-joints. Under cyclic loading, force-displacement hysteresis loops as a function of vertical displacement exhibit how the steel joint's elastoplastic behavior varies over time. According to the hysteresis loops, the T-joints reinforced with CFRP (carbon fiber reinforced polymer) exhibit superior load-carrying ability and energy dissipation compared to the T-joints made of bare metal. Energy dissipation during seismic events is primarily defined by dissipating seismic energy in the event of an earthquake through inelastic deformation. Calculating the area of a hysteresis loop encloses on a graph will yield the energy dissipation in the loop.





































Figure 11: Load vs displacement hysteresis and hysteresis backbone curves of the bare and CFRP strengthened connections (Square Section)



Figure 12: Load vs displacement hysteresis and hysteresis backbone curves of the bare and CFRP strengthened connections (I-Section)











Figure 13: Load vs displacement hysteresis and hysteresis backbone curves of the bare and CFRP strengthened connections (Circular Section)


Initially, the cyclic loading curve shows elastic deformation up to the elastic limit, where the unloading path matches the loading path for both positive and negative displacements, indicating identical behavior in tension and compression and confirming the isotropy of the steel's elastoplastic behavior. Using Origin-Pro 2018, a hysteresis backbone curve was generated for both bare and CFRP-strengthened joints. The maximum load in the CFRP retrofitted joints was higher than in the bare steel joints.



The efficiency of Carbon Fiber Reinforced Polymer (CFRP) in strengthening applications is evident in various T-joints subjected to cyclic stress, as shown in Figures 14 and 15. Figure 14 highlights the positive load-carrying capacity under cyclic loading. The square hollow T-joint shows a significant improvement of 27.68%, the I-section beam-column improves by 19.85%, and the circular hollow beam-column increases by 6.83%. Figure 15 presents the negative load-carrying capacity under cyclic loading, with the square hollow T-joint improving by 26.76%, the I-section beam-column by 19.84%, and the circular hollow beam-column by 5.51%.Figure 15: T-joints strengthening under cyclic loading (Negative direction)
[bookmark: _Hlk165851504]Figure 14: T-joints strengthening under cyclic loading (Positive direction)

The hysteresis results demonstrated that, under cyclic loading, CFRP-reinforced T-joints exhibit superior load-carrying ability and energy dissipation compared to T-joints made of bare metal. Seismic energy dissipation in steel structures typically occurs through inelastic deformation of structural components, making it crucial to assess the energy dissipation capabilities of both unreinforced and fortified sections. This capacity is measured by the total area enclosed by hysteresis loops at specific rotational levels. Table 3 compares the energy dissipation of connections without reinforcement to those strengthened with CFRP, showing that both types can produce hysteresis curves throughout the cycle. Overall, CFRP reinforcement significantly enhances the load-carrying capacity and energy dissipation abilities of T-joints.
Table 3: Energy Dissipation for T-joints without and with CFRP
	FEA Model
	Total Energy Dissipation (kN/mm)

	
	Square Section
	I-Section
	Circular Section

	Without CFRP
	5118.02
	4352.03
	5596.44

	With CFRP
	6790.08
	5796.9
	7068.86

	Percentage Increase
	32.67 %
	33.20 %
	26.31 %



These findings suggest that applying CFRP reinforcement in a number of applications can greatly improve the performance of structures during seismic occurrences.

Conclusion

The study investigates three models subjected to compressive and cyclic loads after CFRP retrofitting, examining failure modes, maximum load, and load-deformation behavior depending on the beam and column section profile demonstrate the efficiency of CFRP for strengthening purposes.
· Experimental and numerical analyses reveal discrepancies of 12.33% and 9.68% in load-bearing capacity for non-strengthened and CFRP-strengthened specimens, respectively.
· Square-shaped T-joints under monotonic loading show a 26.71% improvement in ultimate load for retrofitted models.
· I-sectioned T-joints under monotonic loading exhibit a 26.11% enhancement in ultimate load for retrofitted models.
· Circular-shaped T-joints under monotonic loading display a 17.26% increase in ultimate load-carrying capacity with CFRP strengthening.
· Under cyclic loading, Square-shaped T-joints show a 27.68% increase in positive vertical displacement and 26.47% in negative displacement with CFRP strengthening.
· I-sectioned T-joints under cyclic loading exhibit a 19.85% increase in positive displacement and 19.84% in negative displacement with CFRP strengthening.
· Circular-shaped T-joints under cyclic loading show a 6.5% average increase in load-carrying capacity.
· CFRP-reinforced T-joints demonstrate superior load capacity and energy dissipation under cyclic loading, enhancing structural resilience during seismic events.

Acknowledgement 

The authors are thankful for the financial aid provided by the University Grants Commission of Bangladesh and also acknowledging the support from the Materials Laboratory, Department of Civil Engineering, RUET.

References

1. 	Aguilera J, Fam A (2013) Retrofitting tubular steel T-joints subjected to axial compression in chord and brace members using bonded FRP plates or through-wall steel bolts. Eng Struct 48:602–610. https://doi.org/https://doi.org/10.1016/j.engstruct.2012.09.018
2. 	Deng P, Guo J, Liu Y, Wang Z (2019) Compressive Behavior of Damaged Tubular T-joints Retrofitted with Collar Plate. KSCE Journal of Civil Engineering 23:. https://doi.org/10.1007/s12205-019-0276-y
3. 	Rajak DK, Wagh PH, Kumar A, Sanjay MR, Siengchin S, Khan A, Asiri AM, Naresh K, Velmurugan R, Gupta NK (2022) Impact of fiber reinforced polymer composites on structural joints of tubular sections: A review. Thin-Walled Structures 180:109967. https://doi.org/https://doi.org/10.1016/j.tws.2022.109967
4. 	Elchalakani M, Karrech A, Basarir H, Hassanein MF, Fawzia S (2017) CFRP strengthening and rehabilitation of corroded steel pipelines under direct indentation. Thin-Walled Structures 119:510–521. https://doi.org/10.1016/j.tws.2017.06.013
5. 	Tafsirojjaman T, Fawzia S, Thambiratnam D (2020) Investigation on the behaviour of CFRP strengthened CHS members under monotonic loading through finite element modelling. Structures 28:297–308. https://doi.org/10.1016/j.istruc.2020.08.059
6. 	Al-Fakih A, Hisbany Mohd Hashim M, Alyousef R, Mutafi A, Hussein Abo Sabah S, Tafsirojjaman T (2021) Cracking behavior of sea sand RC beam bonded externally with CFRP plate. Structures 33:1578–1589. https://doi.org/10.1016/j.istruc.2021.05.042
7. 	Tafsirojjaman T, Fawzia S, Thambiratnam DP, Zhao XL (2020) Study on the cyclic bending behaviour of CFRP strengthened full-scale CHS members. Structures 28:741–756. https://doi.org/10.1016/j.istruc.2020.09.015
8. 	Tafsirojjaman T, Fawzia S, Thambiratnam DP (2021) Structural behaviour of CFRP strengthened beam-column connections under monotonic and cyclic loading. Structures 33:2689–2699. https://doi.org/10.1016/j.istruc.2021.06.028
9. 	Khelifa M, Khennane A, Oudjene M (2022) Modelling of Strengthened Steel Connections under Static and Cyclic Loading. Buildings 12:. https://doi.org/10.3390/buildings12111962
10. 	Wang Y, Koetaka Y, Chan I, Nakano T (2019) Cyclic behavior of beam-column joints with various yielding modes. J Constr Steel Res 159:245–259. https://doi.org/10.1016/j.jcsr.2019.04.020
11. 	Lesani M, Bahaari MR, Shokrieh MM (2014) Experimental investigation of FRP-strengthened tubular T-joints under axial compressive loads. Constr Build Mater 53:243–252. https://doi.org/10.1016/j.conbuildmat.2013.11.097
12. 	Sadat Hosseini A, Bahaari MR, Lesani M (2019) Stress concentration factors in FRP-strengthened offshore steel tubular T-joints under various brace loadings. Structures 20:779–793. https://doi.org/10.1016/j.istruc.2019.07.004
13. 	Chang H, Xia J, Guo Z, Hou C, Din W, Qin F (2018) Experimental study on the axial compressive strength of vertical inner plate reinforced square hollow section T-joints. Eng Struct 172:131–140. https://doi.org/10.1016/j.engstruct.2018.06.036
14. 	Alam MI, Fawzia S (2015) Numerical studies on CFRP strengthened steel columns under transverse impact. Compos Struct 120:428–441. https://doi.org/10.1016/j.compstruct.2014.10.022
15. 	Khalili SMR, Ghaznavi A (2011) Numerical analysis of adhesively bonded T-joints with structural sandwiches and study of design parameters. Int J Adhes Adhes 31:347–356. https://doi.org/10.1016/j.ijadhadh.2010.12.005
16. 	Rahman MM, Nuruzzaman ASM, Haque R (2020) Rehabilitation of existing Kanchpur bridge using carbon fiber reinforced polymer laminate
17. 	Masuelli MA (2013) Introduction of Fibre-Reinforced Polymers − Polymers and Composites: Concepts, Properties and Processes. In: Masuelli MA (ed) Fiber Reinforced Polymers. IntechOpen, Rijeka, p Ch. 1
18. 	Shin DK, Kim HC, Lee JJ (2014) Numerical analysis of the damage behavior of an aluminum/CFRP hybrid beam under three point bending. Compos B Eng 56:397–407. https://doi.org/https://doi.org/10.1016/j.compositesb.2013.08.030
19. 	Sudhir Sastry YB, Budarapu PR, Krishna Y, Devaraj S (2014) Studies on ballistic impact of the composite panels. Theoretical and Applied Fracture Mechanics 72:2–12. https://doi.org/https://doi.org/10.1016/j.tafmec.2014.07.010



















































[image: ]
Without CFRP(kN)	
Square Section	I-Section	Circular Section	17.940000000000001	14.07	21.22	With CFRP(kN)	
Square Section	I-Section	Circular Section	22.74	16.53	22.39	
Load (kN)






Without CFRP(kN)	
Square Section	I-Section	Circular Section	17.739999999999998	14.21	21.09	With CFRP(kN)	
Square Section	I-Section	Circular Section	22.65	17.03	22.53	
Load (kN)






0	0.17241299999999998	0.34482760000000001	0.51724139999999996	0.68965520000000002	0.86206900000000009	1.034483	1.2068970000000001	1.37931	1.5517240000000001	1.7241380000000002	1.896552	2.0689660000000001	2.2413790000000002	2.4137930000000001	2.5862069999999999	2.7586209999999998	2.9310350000000001	3.1034480000000002	3.2758620000000001	3.4482760000000003	3.6206900000000002	3.793104	3.9655169999999997	4.137931	4.3103449999999999	4.4827589999999997	4.6551729999999996	4.8275860000000002	5	5.1724139999999998	5.3448279999999997	5.5172419999999995	5.6896550000000001	5.862069	6.0344829999999998	6.2068970000000006	6.3793110000000004	6.5517240000000001	6.7241379999999999	6.8965520000000007	7.0689660000000005	7.2413800000000004	7.4137929999999992	7.5862070000000008	7.7586210000000007	7.9310350000000005	8.1034490000000012	8.2758620000000001	8.4482759999999999	8.6206899999999997	8.7931039999999996	8.9655179999999994	9.137931	9.3103449999999999	9.4827589999999997	9.6551729999999996	9.8275869999999994	10	10.172409999999999	10.34483	10.517239999999999	10.689659999999998	10.862070000000001	11.03448	11.206900000000001	11.37931	11.55172	11.72414	11.89655	12.06897	12.241379999999999	12.413789999999999	12.586210000000001	12.758620000000001	12.931040000000001	13.10345	13.27586	13.44828	13.62069	13.793099999999999	13.96552	14.137929999999999	14.310350000000001	14.482760000000001	14.65517	14.827590000000001	15	0	9.8360655737704916E-2	0	-9.8360655737704916E-2	0	9.8360655737704916E-2	0	-9.8360655737704916E-2	0	0.12295081967213116	0	-0.12295081967213116	0	0.12295081967213116	0	-0.12295081967213116	0	0.30737704918032788	0	-0.30737704918032788	0	0.30737704918032788	0	-0.30737704918032788	0.61475409836065575	0	-0.61475409836065575	0	0.61475409836065575	0	-0.61475409836065575	0	1.2295081967213115	0	-1.2295081967213115	0	1.2295081967213115	0	-1.2295081967213115	0	1.8442622950819672	0	-1.8442622950819672	0	1.8442622950819672	0	-1.8442622950819672	0	2.459016393442623	0	-2.459016393442623	0	2.459016393442623	0	-2.459016393442623	0	3.0737704918032787	0	-3.0737704918032787	0	3.0737704918032787	0	-3.0737704918032787	0	3.6885245901639343	0	-3.6885245901639343	0	3.6885245901639343	0	-3.6885245901639343	0	4.3032786885245899	0	-4.3032786885245899	0	4.3032786885245899	0	-4.3032786885245899	0	4.918032786885246	0	-4.918032786885246	0	4.918032786885246	0	-4.918032786885246	0	Cyclic Loading	0	0.17241299999999998	0.34482760000000001	0.51724139999999996	0.68965520000000002	0.86206900000000009	1.034483	1.2068970000000001	1.37931	1.5517240000000001	1.7241380000000002	1.896552	2.0689660000000001	2.2413790000000002	2.4137930000000001	2.5862069999999999	2.7586209999999998	2.9310350000000001	3.1034480000000002	3.2758620000000001	3.4482760000000003	3.6206900000000002	3.793104	3.9655169999999997	4.137931	4.3103449999999999	4.4827589999999997	4.6551729999999996	4.8275860000000002	5	5.1724139999999998	5.3448279999999997	5.5172419999999995	5.6896550000000001	5.862069	6.0344829999999998	6.2068970000000006	6.3793110000000004	6.5517240000000001	6.7241379999999999	6.8965520000000007	7.0689660000000005	7.2413800000000004	7.4137929999999992	7.5862070000000008	7.7586210000000007	7.9310350000000005	8.1034490000000012	8.2758620000000001	8.4482759999999999	8.6206899999999997	8.7931039999999996	8.9655179999999994	9.137931	9.3103449999999999	9.4827589999999997	9.6551729999999996	9.8275869999999994	10	10.172409999999999	10.34483	10.517239999999999	10.689659999999998	10.862070000000001	11.03448	11.206900000000001	11.37931	11.55172	11.72414	11.89655	12.06897	12.241379999999999	12.413789999999999	12.586210000000001	12.758620000000001	12.931040000000001	13.10345	13.27586	13.44828	13.62069	13.793099999999999	13.96552	14.137929999999999	14.310350000000001	14.482760000000001	14.65517	14.827590000000001	15	0	9.8360655737704916E-2	0	-9.8360655737704916E-2	0	9.8360655737704916E-2	0	-9.8360655737704916E-2	0	0.12295081967213116	0	-0.12295081967213116	0	0.12295081967213116	0	-0.12295081967213116	0	0.30737704918032788	0	-0.30737704918032788	0	0.30737704918032788	0	-0.30737704918032788	0.61475409836065575	0	-0.61475409836065575	0	0.61475409836065575	0	-0.61475409836065575	0	1.2295081967213115	0	-1.2295081967213115	0	1.2295081967213115	0	-1.2295081967213115	0	1.8442622950819672	0	-1.8442622950819672	0	1.8442622950819672	0	-1.8442622950819672	0	2.459016393442623	0	-2.459016393442623	0	2.459016393442623	0	-2.459016393442623	0	3.0737704918032787	0	-3.0737704918032787	0	3.0737704918032787	0	-3.0737704918032787	0	3.6885245901639343	0	-3.6885245901639343	0	3.6885245901639343	0	-3.6885245901639343	0	4.3032786885245899	0	-4.3032786885245899	0	4.3032786885245899	0	-4.3032786885245899	0	4.918032786885246	0	-4.918032786885246	0	4.918032786885246	0	-4.918032786885246	0	Time (sec)


Displacement (mm)


Story Drift(%)





FEA(without CFRP)	0	1.9999999552965164E-2	3.9999999105930328E-2	4.7499999403953552E-2	5.8749999850988388E-2	7.5625002384185791E-2	0.10093750059604645	0.13890625536441803	0.19585937261581421	0.28128907084465027	0.40943360328674316	0.6016504168510437	0.88997560739517212	1.3224633932113647	1.9711951017379761	2.9442925453186035	3.3092041015625	3.8565714359283447	4.6776227951049805	4.9855165481567383	5.4473581314086914	6.1401195526123047	7.179262638092041	7.5689411163330078	8.1534585952758789	9.0302352905273438	10.345400810241699	10.838587760925293	11.578367233276367	11.855785369873047	12.27191162109375	12.896100997924805	13.832386016845703	15.236812591552734	15.736812591552734	15.924312591552734	16.205562591552734	16.627437591552734	17.260250091552734	18.209468841552734	18.565425872802734	19.099361419677734	19.900264739990234	20	0	0	0	0	0	0	0	0.57142857142857151	1.2857142857142858	2.5714285714285716	3.6428571428571428	5.5714285714285721	6.7857142857142865	8.2857142857142865	9.8571428571428577	11.928571428571429	12.571428571428573	13.714285714285715	14.635714285714286	15.014285714285714	15.428571428571431	16.042857142857144	16.400000000000002	16.642857142857146	16.87857142857143	16.964285714285715	17.157142857142858	17.271428571428572	17.357142857142858	17.442857142857147	17.542857142857144	17.728571428571431	17.850000000000001	18.064285714285713	18.048285714285715	18.026285714285716	18.004285714285718	17.98228571428572	17.960285714285721	17.938285714285723	FEA(with CFRP)	0	2.7378025388053433E-2	5.4756050776106867E-2	6.5022810934071251E-2	8.0422951171017817E-2	0.10352316407621504	0.13817347578467876	0.19014895354648384	0.26811214979097248	0.38505697475503387	0.56047419180290703	0.82360003777293567	1.2182887659315409	1.8103218581694485	2.6983715373227479	4.030445892866946	4.5299737965942386	5.2792656521851784	6.4032039251288415	6.8246800839432717	7.4568956276509288	8.4052176377264036	9.8277019583256244	10.361133333771706	11.161280070569326	12.36150082850876	14.161832618160917	14.836956876094725	15.849641957509423	16.229400005340196	16.799035771600344	17.653489420990564	18.935171200561907	20	0	0.27371013289499502	0.44274321520382959	0.36119829736997006	0.37303787050290738	0.51866370492874214	0.85089152770717391	0.8	1.8	3.6	5.0999999999999996	7.8	9.5	11.6	13.8	16.7	17.600000000000001	19.2	20.49	21.02	21.6	22.46	22.96	23.3	23.63	23.75	24.02	24.18	24.3	24.42	24.56	24.82	24.99	25.29	Experimental(without CFRP)	0	0.5	1	2	3.25	5.25	7.25	9	10.75	12.7	14.5	0	1.9067999999999998	5.9587500000000002	9.6928999999999998	12.0764	13.9832	15.651649999999998	15.89	15.7311	15.5722	15.413299999999998	Experimental(with CFRP)	0	0.8	1.2	2.5173064820641913	4.0906230333543112	6.607929515418502	9.1252359974826938	11.327879169288861	13.530522341095029	15.984896161107613	18.250471994965388	0	2.9887147335423196	9.3397335423197489	15.192633228840124	18.928526645768024	22.55	24.532366771159872	24.905956112852664	24.656896551724138	24.407836990595612	23.9	Displacement (mm)


Load (KN)





Without CFRP(kN)	
Square Section	I-Section	Circular Section	18.57	14.33	19.16	With CFRP(kN)	
Square Section	I-Section	Circular Section	23.53	17.87	22.47	
Load (kN)






Without CFRP(Square-Section)	0	2.9999999329447746E-2	5.9999998658895493E-2	0.10499999672174454	0.17249999940395355	0.27375000715255737	0.42562499642372131	0.65343749523162842	0.99515622854232788	1.5077344179153442	1.699951171875	1.9882763624191284	2.4207642078399658	3.0694959163665771	4.0425934791564941	5.5022397041320801	7.691709041595459	10.691709518432617	11.441709518432617	12.191709518432617	13.316709518432617	15.004209518432617	17.535459518432617	20.535459518432617	23.535459518432617	26.535459518432617	29.535459518432617	30	0	0.16653431701660157	0.33777001953125002	0.59981286621093755	0.98942889404296874	1.5736591796874999	2.4517119140624999	3.7709606933593749	5.7244423828124997	8.5244101562499992	9.4926044921874997	10.313116210937499	11.052851562500001	11.718214843749999	12.3900908203125	13.249369140624999	14.344900390625	15.538064453124999	15.796067382812501	16.039310546875001	16.3635947265625	16.771080078124999	17.232013671874999	17.650554687500001	18.004318359374999	18.291820312500001	18.532419921875	18.570693359374999	With CFRP(Square-Section)	0	2.9999999329447746E-2	5.9999998658895493E-2	0.10499999672174454	0.17249999940395355	0.27375000715255737	0.42562499642372131	0.65343749523162842	0.99515622854232788	1.5077344179153442	1.699951171875	1.9882763624191284	2.4207642078399658	3.0694959163665771	3.7182276248931885	4.3669590950012207	5.3400568962097168	6.7997031211853027	8.9891729354858398	11.98917293548584	14.98917293548584	15.73917293548584	16.864171981811523	18.551671981811523	21.082921981811523	24.082921981811523	27.082921981811523	30	0	0.17340765380859374	0.3525378723144531	0.62640576171874995	1.0336265869140624	1.6453067626953124	2.5655202636718748	3.9445881347656249	6.0042788085937504	9.0303925781249994	10.06360546875	10.9192578125	11.788783203125	12.7515068359375	13.597032226562501	14.317335937499999	15.241142578125	16.373768554687501	17.836853515624998	19.460115234374999	20.53534765625	20.780107421875002	21.110476562500001	21.543261718749999	22.122955078124999	22.670748046875001	23.130749999999999	23.529343749999999	Without CFRP(I-Section)	0	2.9999999329447746E-2	5.9999998658895493E-2	0.10499999672174454	0.17249999940395355	0.27375000715255737	0.42562499642372131	0.65343749523162842	0.99515622854232788	1.5077344179153442	2.2766015529632568	3.4299023151397705	5.159853458404541	7.7547802925109863	8.4035120010375977	9.0522432327270508	10.025341033935547	10.998438835144043	11.971536636352539	13.431182861328125	15.620652198791504	17.810121536254883	18.357488632202148	18.904855728149414	19.110118865966797	19.418012619018555	19.494987487792969	19.57196044921875	19.687419891357422	19.860610961914063	20.120395660400391	20.510074615478516	21.094593048095703	21.971368789672852	23.286535263061523	23.779722213745117	24.519502639770508	25.629171371459961	26.045299530029297	26.46142578125	26.877552032470703	27.501741409301758	28.125930786132813	28.750120162963867	29.686405181884766	30	0	0.1392000732421875	0.28343728637695315	0.50332357788085935	0.83300567626953126	1.3277692871093749	2.068130615234375	3.1788212890624998	4.8452138671874998	7.3383300781249998	9.5331982421875008	10.3154365234375	11.073715820312501	11.872012695312501	12.04083203125	12.199794921875	12.406353515625	12.6016416015625	12.783581054687501	13.0277607421875	13.3218896484375	13.551282226562501	13.5974228515625	13.6394296875	13.6543857421875	13.674540039062499	13.6798115234375	13.684663085937499	13.692031249999999	13.7041376953125	13.721230468750001	13.745277343750001	13.779658203125001	13.829427734375001	13.8986640625	13.920755859374999	13.9501611328125	13.990944335937501	14.005758789062501	14.02000390625	14.034197265625	14.0552626953125	14.076013671875	14.0956181640625	14.124063476562499	14.13271484375	With CFRP(I-Section)	0	2.9999999329447746E-2	5.9999998658895493E-2	0.10499999672174454	0.17249999940395355	0.27375000715255737	0.42562499642372131	0.65343749523162842	0.99515622854232788	1.5077344179153442	2.2766015529632568	3.4299023151397705	5.159853458404541	6.8898048400878906	7.3222923278808594	7.9710240364074707	8.2142982482910156	8.3055267333984375	8.3397369384765625	8.39105224609375	8.4680261611938477	8.487269401550293	8.5065126419067383	8.5353775024414063	8.5360546112060547	8.5370693206787109	8.5385913848876953	8.5408744812011719	8.5443000793457031	8.5494365692138672	8.5571432113647461	8.5687017440795898	8.5860404968261719	8.6120491027832031	8.6510601043701172	8.7095785140991211	8.7973546981811523	8.9290199279785156	9.1265172958374023	9.4227638244628906	9.8671331405639648	10.033771514892578	10.096261024475098	10.189994812011719	10.195853233337402	10.201711654663086	10.20757007598877	10.20903491973877	10.21123218536377	10.214527130126953	10.219470024108887	10.22132396697998	10.221787452697754	10.221902847290039	10.222076416015625	10.22233772277832	10.222598075866699	10.222662925720215	10.222761154174805	10.222908020019531	10.223053932189941	10.223200798034668	10.223347663879395	10.223567962646484	10.223897933959961	10.224391937255859	10.22513484954834	10.226247787475586	10.22791862487793	10.230422973632813	10.23418140411377	10.23981761932373	10.248272895812988	10.260955810546875	10.279979705810547	10.308515548706055	10.351320266723633	10.415526390075684	10.511836051940918	10.656299591064453	10.872995376586914	11.198039054870605	11.685605049133301	12.416954040527344	13.51397705078125	15.159511566162109	17.627813339233398	20.627813339233398	23.627813339233398	26.627813339233398	29.627813339233398	30	0	0.14271905517578126	0.29094201660156249	0.51678302001953125	0.85543975830078123	1.36298828125	2.1228935546874999	3.2633627929687501	4.9743124999999999	7.5351757812500004	9.8342861328124993	10.901363281249999	12.086910156249999	13.027306640625	13.21421484375	13.471091796874999	13.559841796875	13.591059570312501	13.602780273437499	13.619946289062501	13.642339843749999	13.64869921875	13.655072265625	13.664347656249999	13.66455859375	13.664794921875	13.665009765624999	13.6653447265625	13.665830078125	13.666482421874999	13.6668505859375	13.6678359375	13.672720703125	13.674913085937501	13.6850947265625	13.702435546875	13.7274267578125	13.762791015625	13.810779296874999	13.887062500000001	14.004287109374999	14.045974609375	14.061311523437499	14.075872070312499	14.075434570312501	14.075731445312501	14.0755634765625	14.0755341796875	14.076232421875	14.076716796875001	14.0773330078125	14.077596679687501	14.077681640625	14.077708984375001	14.077754882812499	14.077980468750001	14.0778740234375	14.077904296874999	14.0779501953125	14.077971679687501	14.077634765625	14.077583984375	14.07755078125	14.077464843750001	14.077320312499999	14.077138671875	14.076882812499999	14.076494140625	14.0759033203125	14.075575195312499	14.074753906250001	14.070708984375001	14.0610869140625	14.058918945312501	14.06576953125	14.076115234374999	14.0851181640625	14.095099609375	14.1027666015625	14.130486328125	14.179821289062501	14.256119140625	14.369599609374999	14.55644921875	14.8350224609375	15.2192890625	15.7614111328125	16.374576171874999	16.926296874999998	17.402863281249999	17.819078125000001	17.866042968750001	Without CFRP(Circular-Section)	0	2.9999999329447746E-2	5.9999998658895493E-2	0.10499999672174454	0.17249999940395355	0.27375000715255737	0.42562499642372131	0.65343749523162842	0.99515622854232788	1.5077344179153442	2.2766015529632568	2.5649268627166748	2.9974145889282227	3.646146297454834	4.6192436218261719	6.0788898468017578	8.2683591842651367	11.268359184265137	14.268359184265137	17.268360137939453	20.268360137939453	23.268360137939453	26.268360137939453	29.268360137939453	30	0	0.14746183776855468	0.30215374755859375	0.54005700683593749	0.90215405273437499	1.4464565429687499	2.255682861328125	3.4652849121093752	5.2722080078125	7.9750302734374996	10.853720703124999	11.3907314453125	12.0134365234375	12.8284453125	13.60138671875	14.3621474609375	15.275947265625	16.227580078125001	16.969279296875001	17.526531250000001	18.020103515624999	18.404990234374999	18.754478515624999	19.081263671875	19.159105468749999	With CFRP(Circular-Section)	0	2.9999999329447746E-2	5.9999998658895493E-2	0.10499999672174454	0.17249999940395355	0.27375000715255737	0.42562499642372131	0.65343749523162842	0.99515622854232788	1.5077344179153442	1.699951171875	1.9882763624191284	2.4207642078399658	3.0694959163665771	4.0425934791564941	5.5022397041320801	6.961885929107666	8.4215326309204102	10.611001968383789	13.611001968383789	16.611001968383789	19.611001968383789	22.611001968383789	25.611001968383789	28.611001968383789	30	0	0.15310379028320312	0.31444104003906248	0.56308166503906254	0.94180798339843752	1.511415771484375	2.358707763671875	3.6203737792968749	5.5094990234374999	8.3364511718749998	9.3472001953124995	10.47208203125	11.581359375	12.6480361328125	13.863242187499999	15.0349189453125	15.9214755859375	16.697681640624999	17.702142578124999	18.830791015625	19.727052734375	20.4967734375	21.146380859375	21.729992187499999	22.258380859374999	22.472701171874998	Displacement (mm)


Load (KN)






Engineering	0	2.7638190954773901E-4	5.7788944723618097E-4	8.0402010050251301E-4	1.0201005025125599E-3	1.2512562814070401E-3	1.48743718592965E-3	1.70854271356784E-3	1.9899497487437202E-3	2.6633165829145701E-3	3.2964824120602998E-3	3.8693467336683401E-3	4.5678391959798996E-3	5.5025125628140699E-3	6.8391959798995003E-3	7.7185929648241197E-3	8.5226130653266296E-3	9.5326633165829198E-3	1.05979899497487E-2	1.1608040201005001E-2	1.2894472361809002E-2	1.5422110552763799E-2	1.7924623115577899E-2	2.0386934673366799E-2	2.29045226130653E-2	2.54371859296482E-2	2.7979899497487401E-2	3.0512562814070304E-2	3.3075376884422102E-2	3.5663316582914599E-2	3.82562814070352E-2	4.0839195979899497E-2	4.3482412060301498E-2	4.6165829145728698E-2	4.88341708542714E-2	5.154271356783921E-2	5.4241206030150799E-2	5.69346733668342E-2	5.9693467336683403E-2	6.2477386934673397E-2	6.5276381909547807E-2	6.8130653266331706E-2	7.0949748743718594E-2	7.3834170854271394E-2	7.6723618090452306E-2	7.9663316582914603E-2	8.2603015075376901E-2	8.5582914572864294E-2	8.8492462311557801E-2	9.1482412060301499E-2	9.4547738693467304E-2	9.7592964824120595E-2	0.10068341708542701	0.10378894472361801	0.10694472361809	0.110085427135678	0.11329648241206	0.11655276381909502	0.119839195979899	0.12283919597989899	0.125989949748744	0.129623115577889	0.13326130653266299	0.13708040201005001	0.140713567839196	0.14457788944723601	0.14835175879397	0.15217085427135699	0.15580402010050301	0.15966834170854299	0.16339698492462301	0.167261306532663	0.17098994974874401	0.174763819095477	0.17848743718592999	0.18221608040201001	0.18608040201004999	0.18980904522613101	0.193582914572864	0.19730653266331696	0.201170854271357	0.20485427135678397	0.20867336683417101	0.21244723618090497	0.21622110552763801	0.21989949748743701	0	71.959942775393401	139.484978540773	192.328748605995	238.916111880865	284.74536176540198	329.64752796458401	367.26144210514502	382.526218557444	377.30053056672602	377.71281808658	378.33124936636102	376.85332251923398	379.60415892219498	382.526218557444	385.17341984612398	391.946875739245	397.929550651662	401.88345555517998	406.66193549840602	415.08566793957601	424.09291113288901	431.79457717999799	440.28702420781099	447.81634055399701	455.55180066011098	462.428891667512	467.61965913059203	473.15512599551698	478.93165714800699	482.95427663816702	487.38918364818102	492.06515494576098	495.36570804185999	498.87240489788599	502.58524551383903	505.23357327115201	507.32993139806001	510.39054667522799	512.07461728228202	515.27266173273404	516.819303166503	518.12600678134095	519.50142498282105	521.35784529079797	522.07991168485898	523.59275905962397	524.89946267446203	525.86146688745498	526.48102463586895	527.20309102992996	528.30252441620803	529.19694051119097	530.09023013754199	529.88408637761495	530.74358194496097	530.33129442510699	530.94972570488801	530.98464623252596	531.67179209894903	531.70671262658698	530.36621495274505	530.19386525182199	530.29750036610199	529.88408637761495	528.50866817613496	528.40615953048803	526.72096245479997	524.27990492604704	522.14862627150205	519.05421693533003	514.48188075202995	510.76791366744402	506.53915041735701	502.27659310826499	495.74420150270902	490.036384936861	483.022991224809	475.66489811091202	466.52022574431402	458.02777871650198	447.16298874657798	436.33311930429301	424.36776947945901	411.33790679598502	396.48541786354002	True	0	2.763437231036107E-4	5.7772253343157671E-4	8.0369704948969145E-4	1.0195805535650213E-3	1.2504741126606015E-3	1.4863320469860964E-3	1.7070848148178375E-3	1.9879724214957734E-3	2.6597762399471442E-3	3.2910609252038638E-3	3.8618800661482967E-3	4.5574382796346787E-3	5.4874290467555363E-3	6.8159147686394301E-3	7.6889570269523897E-3	8.486500635044629E-3	9.4875141825116367E-3	1.0542224906494273E-2	1.1541183786244627E-2	1.2812046455925994E-2	1.5304398508541539E-2	1.7765871296144022E-2	2.0181903081012205E-2	2.2646151834883967E-2	2.5119044513546983E-2	2.7595613823802212E-2	3.0056312262975789E-2	3.254015638577961E-2	3.5042107025223826E-2	3.7542653505161346E-2	4.0027306980443669E-2	4.2563592635338376E-2	4.5131889545345263E-2	4.7679233842662753E-2	5.025833689320601E-2	5.2821272163359113E-2	5.5372901162493514E-2	5.7979684545022545E-2	6.060333870493767E-2	6.3234279023668891E-2	6.5910067574783238E-2	6.8545870424331287E-2	7.123558086383272E-2	7.3922743226751852E-2	7.6649248629187317E-2	7.9368340408616317E-2	8.211709118039387E-2	8.4793676828394296E-2	8.753678332815279E-2	9.0341253926317963E-2	9.3119568369926575E-2	9.5931275144154893E-2	9.874875632137467E-2	0.10160371898212092	0.10443697374636106	0.10732541814280822	0.11024604941618736	0.11318509998117632	0.11586047403406018	0.11866260405487995	0.12188405105480393	0.12509958787500966	0.12846392643717941	0.13165400329078464	0.13503591353145952	0.13832766106266434	0.14164786227615228	0.14479622309284679	0.14813405191733187	0.15134416088434366	0.15466024129247163	0.15784950195598585	0.16106712236677878	0.16423178333377694	0.16739071141510845	0.17065409086629502	0.17379282805083182	0.17695963616657245	0.18007447788823908	0.18329679298930726	0.18635862299581976	0.18952336708617126	0.19264082633079757	0.19574859721851706	0.19876847624316193	0	71.979831201788613	139.56558543791968	192.48338478577872	239.15983032665301	285.10165118791247	330.13785795592833	367.88892396602819	383.28742650995025	378.30540132652686	378.95794174821214	379.7951441503414	378.57472789697255	381.69293557556085	385.1423903336082	388.1464166947855	395.28728730333427	401.72287908174343	406.14261237812411	411.38248359389002	420.43797861260589	430.6333188930239	439.53433223929977	449.26312700786667	458.07336005271617	467.13975651408828	475.36760558110348	481.88793335290836	488.80491011261495	496.01194845845623	501.43031135196793	507.2937660376723	513.46133477362866	518.23467668397348	523.2344251531506	528.48985286678101	532.63805161230175	536.21459533142695	540.85752810213762	544.06770128565188	548.90779678754927	552.03053991188722	554.8869167800633	557.85838195404006	561.35830550135029	563.67052897098995	566.84309962958434	569.82188854787296	572.39624292709357	574.6447786735373	577.04895111901601	579.86113409805307	582.47829679301105	585.10773573181723	586.55239354489311	589.17071586289171	590.41596459650611	592.83338368478314	594.61741931470294	596.98192756557592	598.69641463148059	647.32313120577965	Stain, ε (mm)

Stess, σ (N) 
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Load (KN)
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Load (KN)
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Load (KN)






Without CFRP	0	1.7400080105289817E-3	3.4800160210579634E-3	6.0900282114744186E-3	1.0005045682191849E-2	1.5877572819590569E-2	2.4686364457011223E-2	3.7899550050497055E-2	5.7719327509403229E-2	8.7448999285697937E-2	0.1320434957742691	0.19893525540828705	0.29927289485931396	0.1502220630645752	-2.3777231574058533E-2	-0.19777722656726837	-0.22822278738021851	-5.4222788661718369E-2	0.11977720260620117	0.29377719759941101	0.13222301006317139	-4.1776787489652634E-2	-0.21577657759189606	-0.21022310853004456	-3.6222312599420547E-2	0.17222210764884949	0.36027815937995911	0.14277841150760651	-7.4721328914165497E-2	-0.2922210693359375	-0.24027919769287109	-2.2779453545808792E-2	0.19472141563892365	0.33777779340744019	0.12027806043624878	-9.7221679985523224E-2	-0.31472140550613403	-0.21777884662151337	-2.7910483186133206E-4	0.54305160045623779	0.78819817304611206	0.24444569647312164	-0.29930505156517029	-0.84305441379547119	-0.48819625377655029	5.555310845375061E-2	0.59930247068405151	0.73194819688796997	0.18819884955883026	-0.3555525541305542	-0.89930504560470581	-0.2364601343870163	0.98697590827941895	1.3947879076004028	1.7873294353485107	1.1756113767623901	0.258034348487854	-0.8294643759727478	-1.8330368995666504	-1.5611622333526611	-1.1533502340316772	-0.54163223505020142	0.37594693899154663	1.4634519815444946	1.735328197479248	1.6068589687347412	0.99514096975326538	0.76574671268463135	0.4216553270816803	-9.4481758773326874E-2	-0.86868739128112793	-1.793813943862915	-1.5219392776489258	-1.1141272783279419	-0.50240921974182129	0.83033555746078491	3.0053329467773438	3.5490822792053223	3.1352901458740234	1.9118469953536987	7.668226957321167E-2	-0.46706750988960266	-1.2826915979385376	-2.5061275959014893	-3.1587183475494385	-2.61496901512146	-1.7993450164794922	-0.57590895891189575	0.64752703905105591	0.95338606834411621	1.4121745824813843	2.1003572940826416	3.1326315402984619	3.5197343826293945	3.3996114730834961	2.528630256652832	2.2020120620727539	1.7120852470397949	0.97719472646713257	-0.12514175474643707	-0.53852003812789917	-1.1585874557495117	-1.3911128044128418	-1.7399007081985474	-2.2630825042724609	-3.0478553771972656	-3.2749879360198975	-2.8335559368133545	-2.1714074611663818	-1.1781852245330811	0.4674726128578186	1.2830966711044312	1.5889556407928467	2.0477440357208252	2.7359268665313721	3.7682011127471924	5.3166122436523438	5.3527336120605469	4.4817523956298828	3.1752800941467285	1.2155722379684448	0.48068174719810486	0.20509782433509827	-0.20827807486057281	-0.82834190130233765	-1.7584377527236938	-3.1535813808441162	-5.2462968826293945	-5.4805235862731934	-4.9573416709899902	-4.1725687980651855	-2.9954094886779785	-1.229670524597168	-0.56751835346221924	0.42570731043815613	1.9155409336090088	3.4053745269775391	4.8952078819274902	4.1200413703918457	0.85754549503326416	4.1921481490135193E-2	-0.26393753290176392	-0.72272604703903198	-1.4109088182449341	-2.4431829452514648	-3.9915940761566162	-4.9357891082763672	-4.1201648712158203	-2.8967289924621582	-1.0615748167037964	-0.37339210510253906	-0.11532356590032578	0.36237442493438721	1.1365845203399658	1.9107946157455444	2.685004711151123	3.8463199138641357	5.5882925987243652	6.7987523078918457	6.5537886619567871	6.1863436698913574	5.6351757049560547	4.8084239959716797	3.5682961940765381	2.3281686305999756	2.018136739730835	1.5530887842178345	0.85551691055297852	-0.19084082543849945	-1.7603774070739746	-2.3489537239074707	-3.2318179607391357	-3.5628921985626221	-4.0595035552978516	-4.804419994354248	-5.5493369102478027	-6.2942538261413574	-7.0391702651977539	-6.8434543609619141	-5.167391300201416	-5.0102605819702148	-4.774564266204834	-4.4210200309753418	-3.8907032012939453	-3.0952279567718506	-1.9020153284072876	-1.4545605182647705	-0.7833784818649292	0.2233947366476059	1.733554482460022	3.9987940788269043	7.3966536521911621	7.3314704895019531	6.9236564636230469	6.3119349479675293	5.3943524360656738	4.0179786682128906	2.6416053771972656	2.2975120544433594	1.7813719511032104	1.0071618556976318	-0.15415245294570923	-1.8961150646209717	-2.5493509769439697	-3.5292050838470459	-4.9989862442016602	-7.2036576271057129	-6.9695906639099121	-5.7294631004333496	-3.8692715167999268	-3.1716997623443604	-2.1253418922424316	-1.7329577207565308	-1.1443815231323242	-0.26151719689369202	1.3284741640090942	3.8115301132202148	4.7426762580871582	6.1393952369689941	8.2344732284545898	9.0201282501220703	8.5513906478881836	6.783668041229248	6.6179437637329102	6.3693580627441406	5.9964790344238281	5.4371604919433594	4.5981826782226563	4.2835664749145508	3.8116414546966553	3.1037540435791016	2.0419228076934814	0.44917625188827515	-0.14810460805892944	-1.0440298318862915	-2.3879175186157227	-4.4037489891052246	-7.4274969100952148	-8.5614023208618164	-8.4877243041992188	-5.9363932609558105	-4.9796438217163086	-3.5445201396942139	-3.0063486099243164	-2.1990914344787598	-0.98820573091506958	0.8280748724937439	1.5091586112976074	2.5307841300964355	4.0632228851318359	6.3618803024291992	8.9401082992553711	8.7245960235595703	8.5090847015380859	8.1858177185058594	7.7009162902832031	6.9735641479492188	6.7008070945739746	6.2916717529296875	5.6779689788818359	4.7574143409729004	4.4122061729431152	3.8943941593170166	3.1176762580871582	1.9525991678237915	0.20498371124267578	-2.4162993431091309	-3.3992760181427002	-4.8737411499023438	-7.0854387283325195	-8.3469552993774414	-8.0359172821044922	-7.5693602561950684	-6.8695249557495117	-5.8197717666625977	-4.2451415061950684	-3.6546554565429688	-2.7689261436462402	-1.4403321743011475	-0.11173815280199051	1.4602270126342773	2.0580942630767822	2.9548952579498291	4.3000965118408203	6.3178987503051758	9.3446016311645508	10.479615211486816	10.317917823791504	7.7642850875854492	6.8066730499267578	5.3702545166015625	4.8315978050231934	4.0236120223999023	2.8116343021392822	0.99366718530654907	0.31192958354949951	-0.71071809530258179	-2.2447166442871094	-4.5457148551940918	-7.9972114562988281	-9.3255424499511719	-8.9177217483520508	-8.3059892654418945	-7.3883910179138184	-7.0442914962768555	-6.5281424522399902	-5.7539186477661133	-4.5925836563110352	-4.1570825576782227	-3.5038316249847412	-2.5239548683166504	-1.0541398525238037	-0.50295919179916382	0.32379302382469177	0.63381415605545044	1.0988458395004272	1.7963933944702148	2.842714786529541	4.4121966361999512	6.7664198875427246	10.297754287719727	10.877973556518555	10.381351470947266	9.6364173889160156	8.5190162658691406	6.8429141044616699	6.2143759727478027	5.9786744117736816	5.6251215934753418	5.094792366027832	4.2992987632751465	3.1060585975646973	1.3161981105804443	0.64500045776367188	-0.36177510023117065	-1.8718823194503784	-4.1370429992675781	-7.5347843170166016	-9.8685235977172852	-9.4607019424438477	-8.8489694595336914	-7.9313716888427734	-7.5872721672058105	-7.0711231231689453	-6.2968997955322266	-5.1355643272399902	-4.7000632286071777	-4.0468125343322754	-3.0669355392456055	-1.5971205234527588	-1.0459399223327637	-0.21916891634464264	1.1911520957946777	3.3614258766174316	6.6168365478515625	11.49995231628418	12.720731735229492	12.308536529541016	10.477474212646484	9.7908258438110352	8.7608537673950195	7.2158942222595215	6.6365346908569336	5.7674956321716309	4.4639363288879395	2.5085980892181396	1.775346040725708	0.67546814680099487	-0.97440528869628906	-3.4492740631103516	-7.1615772247314453	-12.730031967163086	-12.848979949951172	-13.027401924133301	-12.954975128173828	-12.553548812866211	-11.951410293579102	-11.048201560974121	-9.6933889389038086	-7.6611695289611816	-7.1531147956848145	-6.6450600624084473	-5.8829779624938965	-4.7398548126220703	-3.0251700878143311	-2.3821632862091064	-1.4176530838012695	2.9113877564668655E-2	2.199387788772583	5.4547982215881348	10.33791446685791	11.028969764709473	10.723774909973145	10.418580055236816	9.9607877731323242	9.2740993499755859	8.2440671920776367	6.6990189552307129	6.1196255683898926	5.2505359649658203	4.381446361541748	3.5123565196990967	2.2087218761444092	0.25326985120773315	-0.47999680042266846	-1.5798747539520264	-3.2296915054321289	-5.7044167518615723	-9.4165048599243164	-11.265254974365234	-10.917226791381836	-10.569198608398438	-10.047155380249023	-9.2640914916992188	-8.0894956588745117	-6.3276019096374512	-5.6668915748596191	-4.6758260726928711	-3.1892282962799072	-0.959331214427948	2.7263021469116211	8.4603233337402344	14.194343566894531	14.372187614440918	14.013832092285156	13.476298332214355	12.669998168945313	11.460548400878906	9.6463737487792969	8.9660577774047852	7.945584774017334	6.4148750305175781	4.118809700012207	3.2577855587005615	1.9662488698959351	2.8944015502929688E-2	-2.8771800994873047	-7.2363691329956055	-13.775152206420898	-14.590175628662109	-14.181525230407715	-13.568550109863281	-12.649086952209473	-11.269892692565918	-9.2011003494262695	-8.4253034591674805	-7.2616086006164551	-5.5160651206970215	-2.8977506160736084	-1.9158825874328613	-0.44308057427406311	1.7662248611450195	5.0802216529846191	10.051217079162598	14.977787971496582	14.66710090637207	14.356413841247559	13.890382766723633	13.191336631774902	12.929194450378418	12.535981178283691	11.946160316467285	11.061429977416992	9.7343349456787109	9.2366743087768555	8.4901828765869141	7.3704462051391602	5.6908407211303711	3.1714329719543457	-0.60764366388320923	-6.2759823799133301	-8.4016094207763672	-11.59005069732666	-13.627208709716797	-13.178808212280273	-12.506207466125488	-11.497306823730469	-9.9839553833007813	-9.4164485931396484	-8.5651884078979492	-7.2882976531982422	-5.3729619979858398	-4.6547112464904785	-3.5773348808288574	-1.9612705707550049	0	0	8.0070743560791014E-3	1.5401294708251953E-2	2.6898054122924803E-2	4.4692562103271487E-2	7.1850753784179683E-2	0.11327647399902344	0.1763623809814453	0.27227786254882813	0.41744976806640627	0.63557275390625001	0.96228613281249997	1.4522264404296874	0.6957293701171875	-0.11799808502197266	-0.9816188354492188	-1.132728759765625	-0.25566871643066408	0.59638037109374997	1.4628757324218751	0.6400250244140625	-0.2079785614013672	-1.0742822265625001	-1.045952880859375	-0.17000900268554686	0.85750872802734379	1.7940428466796876	0.68335192871093753	-0.37199557495117186	-1.4548707275390624	-1.1892563476562501	-9.8940116882324222E-2	0.96952386474609376	1.6819444580078124	0.5733035278320312	-0.48400637817382813	-1.5668631591796875	-1.0712381591796876	-1.1721323728561401E-3	2.7049426269531249	3.9265231933593752	1.1224923095703125	-1.4901611328125	-4.1973203124999996	-2.3531137695312498	0.27666415405273437	2.9861872558593752	3.647386962890625	0.85196209716796878	-1.7701169433593751	-4.477181640625	-1.0666833496093751	4.9174213867187504	6.9496230468749998	8.7786269531250003	5.5564204101562504	0.95624841308593755	-4.2579550781249997	-8.9151289062500005	-7.4826396484375	-5.3426264648437503	-2.235009521484375	2.085632080078125	7.4692968750000004	8.6208544921874992	7.9430522460937496	4.7327363281250001	3.5578117675781251	1.8367877197265625	-0.49949429321289063	-4.3548745117187497	-8.765005859375	-7.33298583984375	-5.1940517578124998	-2.0908015136718752	4.3045913085937499	10.192654296875	10.481306640625	8.2905068359374994	1.9994814453125	-6.7966875	-8.6639277343749992	-9.7839550781250004	-10.7276787109375	-11.0760146484375	-8.1953964843749993	-3.9763015136718751	1.8343275146484375	7.8801826171874998	9.1745009765625003	10.107478515625001	10.7689384765625	11.4030498046875	11.588494140625	10.950923828124999	6.3630458984375	4.6868505859375	2.2188928222656248	-1.1664757080078125	-6.5896572265625002	-8.5834423828124997	-10.464279296875	-10.7389541015625	-11.060890625000001	-11.43469921875	-11.858376953124999	-11.940057617187501	-9.5977441406250001	-6.1337294921875003	-1.1644227294921874	6.7516411132812504	10.333368164062501	10.972504882812499	11.4441533203125	11.880941406250001	12.302432617187501	12.66445703125	12.6713876953125	8.0545688476562507	1.4806019287109375	-7.9400346679687503	-10.723896484375	-11.1875185546875	-11.619828125	-12.0106025390625	-12.402113281249999	-12.772473632812501	-13.095916015625001	-13.125999023437499	-10.34057421875	-6.2460605468750003	-0.38087429809570311	8.0933027343749995	10.56736328125	11.855491210937499	12.616462890625	13.0015068359375	13.224683593749999	9.1038691406249992	-6.9328852539062504	-10.3129033203125	-10.9702314453125	-11.592638671874999	-12.1832783203125	-12.712732421875	-13.146234375000001	-13.294337890625	-8.9593408203124998	-2.6826379394531248	6.110744140625	9.3094306640625	10.217232421875	11.18394921875	12.0074736328125	12.485897460937499	12.8471875	13.1681611328125	13.411824218750001	13.526920898437499	12.220064453125	10.259593750000001	7.3792817382812501	3.157867431640625	-2.702970458984375	-8.6205439453124999	-9.7814746093749996	-10.805748046874999	-11.66206640625	-12.364076171875	-13.02302734375	-13.1597451171875	-13.31704296875	-13.365161132812499	-13.4258671875	-13.499333007812499	-13.5634228515625	-13.6210068359375	-13.671421875	-12.626548828124999	-3.8752329101562499	-3.0759970703124999	-1.904673828125	-0.17601751708984376	2.2860927734374998	6.0608701171875001	10.514817382812501	11.1732158203125	11.7943876953125	12.3918447265625	13.005033203125	13.419038085937499	13.704611328125001	13.356518554687501	11.177643554687499	7.9566591796874997	3.2597226562500001	-3.2078059082031252	-9.5034082031249998	-10.353390624999999	-11.131219726562501	-11.847024414062499	-12.526032226562499	-13.176152343749999	-13.3115419921875	-13.4611298828125	-13.617634765625001	-13.7694365234375	-12.518529296875	-5.9999248046874998	3.0064230957031248	6.4062353515624997	10.3079990234375	10.947412109375	11.56353515625	12.1451220703125	12.893935546874999	13.4191796875	13.5429013671875	13.6765986328125	13.81230078125	13.851708984375	11.34017578125	2.2532358398437502	1.4463002929687501	0.23746009826660155	-1.5707672119140625	-4.0301833496093753	-8.0705327148437505	-9.2801494140624996	-10.3923349609375	-11.3023427734375	-12.054201171875	-12.8374091796875	-13.048249023437499	-13.253151367187501	-13.460958984375001	-13.67019921875	-13.8534453125	-13.90289453125	-13.508324218749999	-0.40430459594726564	4.0485344238281247	10.0102890625	10.887091796875	11.638386718750001	12.348671875000001	13.05646484375	13.203915039062499	13.369576171875	13.565409179687499	13.761494140625	13.9005654296875	12.745523437499999	11.5896669921875	9.8635244140624998	7.3397353515625001	3.6102626953125001	2.2484521484375	0.25420718383789065	-2.53698095703125	-6.9443090820312499	-8.4749970703125008	-10.022845703125	-11.1598408203125	-12.0236123046875	-12.874671875000001	-13.438079101562501	-13.570529296875	-13.7135859375	-13.862078125	-13.921294921875001	-12.254169921875	-9.7599248046875005	-6.1229482421875003	-0.85375750732421873	6.6028330078125004	9.0946748046875001	10.891449218749999	11.9622705078125	12.6580654296875	13.158381835937501	13.273357421875	13.418958007812501	13.593244140625	13.773068359374999	13.942162109374999	13.9877314453125	13.118848632812499	7.1881240844726565E-2	-4.3273339843749996	-10.0249716796875	-10.8599072265625	-11.5899375	-12.323813476562499	-13.0406328125	-13.196005859374999	-13.374988281249999	-13.577057617187499	-13.778596679687499	-13.952997070312501	-13.999630859374999	-11.809705078125001	-8.5686855468750007	-3.8383735351562498	-2.1150830078124998	0.41179629516601562	3.9004892578125001	9.0587080078125002	10.149001953125	11.05009375	11.793994140624999	12.58340234375	12.806393554687499	13.0607041015625	13.130494140625	13.2221962890625	13.338793945312499	13.487009765625	13.659644531250001	13.848599609375	14.011207031250001	14.0330205078125	11.358079101562501	7.4465771484375001	1.8126795654296874	-6.0773701171874999	-8.8305478515624998	-9.5320498046874995	-10.2622529296875	-10.97939453125	-11.6301552734375	-12.339623046874999	-13.029787109375	-13.181128906250001	-13.361609375	-13.564607421874999	-13.773625976562499	-13.955979492187501	-14.0317138671875	-11.841445312499999	-8.6027167968750007	-3.8734150390625	-2.1536938476562502	0.37391696166992189	3.8469079589843749	8.926138671875	10.034830078124999	10.949467773437499	11.711281250000001	12.521645507812501	12.75046875	13.011041992187501	13.2869111328125	13.575890625	13.858892578124999	14.07131640625	14.110511718750001	11.8836298828125	2.479823486328125	-0.86961102294921877	-5.5814101562499996	-10.4969462890625	-11.13365625	-11.7508095703125	-12.465154296874999	-13.0829833984375	-13.224640624999999	-13.400966796875	-13.595516601562499	-13.8018427734375	-13.974594726562501	-14.0707666015625	-14.072607421875	-14.0744794921875	-13.686236328125	-11.530251953124999	-8.3791582031249998	-3.7708920898437501	2.5360886230468749	9.8614892578125009	10.5186494140625	10.992853515625001	11.566349609374999	12.224205078124999	12.856291015625001	13.006902343749999	13.188900390624999	13.400798828125	13.636425781250001	13.882694335937501	14.086297851562501	14.110181640624999	12.46487109375	10.819461914062501	8.4126250000000002	4.8635244140624998	-0.23773815917968749	-7.4064379882812501	-9.4388007812500003	-10.873376953125	-11.5595078125	-12.090526367187501	-12.7031708984375	-13.185788085937499	-13.3099541015625	-13.4631806640625	-13.632783203124999	-13.8142939453125	-13.9556875	-13.985347656249999	-12.1261591796875	-10.2726025390625	-7.573333984375	-3.5738034667968752	1.9888604736328126	9.0252744140624994	10.223629882812499	11.1819541015625	12.155520507812501	12.968668945312499	13.541968750000001	13.9883447265625	14.1826416015625	14.187842773437501	12.245871093750001	9.3818007812499999	5.2062934570312498	-0.66898504638671874	-8.7222275390624997	-10.2202080078125	-11.2272060546875	-12.156103515625	-12.956058593750001	-13.124189453125	-13.318196289062501	-13.53126953125	-13.745043945312499	-13.8894658203125	-13.7977802734375	-13.78292578125	-11.6303466796875	-8.4853828124999993	-3.9300395507812498	2.1561857910156248	8.7022148437499993	9.7728681640624995	10.7570908203125	11.8604033203125	12.74199609375	12.9655693359375	13.2335126953125	13.5251728515625	13.8148896484375	14.0629091796875	14.2103779296875	12.525953124999999	10.847023437500001	8.4086318359375003	4.7952910156249997	3.4931767578124999	1.553879638671875	-1.1396422119140626	-5.1972670898437503	-9.7974580078124998	-10.519505859375	-11.14207421875	-11.8458515625	-12.587588867187501	-13.098516601562499	-13.4693251953125	-13.639136718750001	-13.630028320312499	-13.5755859375	-13.542196289062501	-11.219267578125001	-7.8366630859375004	-2.9473344726562498	3.1803083496093749	5.3450659179687499	7.5304150390625004	9.4284072265625003	10.9554794921875	11.377076171875	11.865748046875	12.388683593750001	12.876806640625	With CFRP	0	1.7400080105289817E-3	3.4800160210579634E-3	6.0900282114744186E-3	1.0005045682191849E-2	1.5877572819590569E-2	2.4686364457011223E-2	3.7899550050497055E-2	5.7719327509403229E-2	8.7448999285697937E-2	0.1320434957742691	0.19893525540828705	0.29927289485931396	0.1502220630645752	-2.3777231574058533E-2	-0.19777722656726837	-0.22822278738021851	-5.4222788661718369E-2	0.11977720260620117	0.29377719759941101	0.13222301006317139	-4.1776787489652634E-2	-0.21577657759189606	-0.21022310853004456	-3.6222312599420547E-2	0.17222210764884949	0.36027815937995911	0.14277841150760651	-7.4721328914165497E-2	-0.2922210693359375	-0.24027919769287109	-2.2779453545808792E-2	0.19472141563892365	0.33777779340744019	0.12027806043624878	-9.7221679985523224E-2	-0.31472140550613403	-0.21777884662151337	-2.7910483186133206E-4	0.54305160045623779	0.78819817304611206	0.24444569647312164	-0.29930505156517029	-0.84305441379547119	-0.48819625377655029	5.555310845375061E-2	0.59930247068405151	0.73194819688796997	0.18819884955883026	-0.3555525541305542	-0.89930504560470581	-0.2364601343870163	0.98697590827941895	1.3947879076004028	1.7873294353485107	1.1756113767623901	0.258034348487854	-0.8294643759727478	-1.8330368995666504	-1.5611622333526611	-1.1533502340316772	-0.54163223505020142	0.37594693899154663	1.4634519815444946	1.735328197479248	1.6068589687347412	0.99514096975326538	7.7563934028148651E-2	-1.0099347829818726	-1.6525665521621704	-1.3806918859481812	-0.97287988662719727	-0.36116182804107666	1.1128304004669189	1.6565797328948975	1.8604856729507446	2.1663446426391602	2.6251332759857178	3.3133161067962646	3.1544063091278076	1.6059862375259399	-0.56902050971984863	-1.1127698421478271	-1.9283938407897949	-3.1518299579620361	-2.5130159854888916	-0.33801862597465515	0.20573070645332336	0.74948006868362427	1.5651041269302368	2.7885401248931885	2.8763058185577393	2.3325564861297607	1.516932487487793	0.29349642992019653	-1.5416665077209473	-2.0854189395904541	-2.9010477066040039	-3.3755111694335938	-2.9167227745056152	-2.2285399436950684	-1.1962658166885376	0.52821815013885498	1.3438421487808228	1.6497011184692383	2.1084897518157959	2.7966723442077637	3.4848551750183105	4.1730380058288574	4.4311065673828125	4.818209171295166	4.9633727073669434	5.1811180114746094	5.5077362060546875	5.4156455993652344	5.0890278816223145	4.5991010665893555	3.8642103672027588	3.5886263847351074	3.1752505302429199	2.5551867485046387	1.6250909566879272	1.2763049602508545	0.75312614440917969	-3.1642187386751175E-2	-1.2087945938110352	-2.9745233058929443	-3.6366715431213379	-4.2988200187683105	-4.960968017578125	-5.6231164932250977	-5.3785767555236816	-5.0061159133911133	-4.447425365447998	-3.609389066696167	-3.2951254844665527	-3.177276611328125	-3.0005033016204834	-2.7353434562683105	-2.3376035690307617	-1.9398636817932129	-1.5421237945556641	-0.94551396369934082	-0.72178530693054199	-0.38619229197502136	0.11719653755426407	0.8722764253616333	2.0048961639404297	3.7038259506225586	4.997779369354248	4.7938733100891113	4.4880142211914063	4.0292258262634277	3.3410429954528809	2.3087689876556396	0.76035767793655396	0.179703488945961	-0.69127780199050903	-1.9977498054504395	-3.9574577808380127	-5.3328342437744141	-4.8429074287414551	-4.1080169677734375	-3.005681037902832	-1.3521775007247925	-0.73211365938186646	0.26397770643234253	0.72902828454971313	1.426604151725769	2.4729678630828857	4.0425138473510742	4.6310935020446777	4.8518109321594238	5.1828866004943848	5.3070402145385742	5.4932703971862793	5.772615909576416	6.1916341781616211	6.8201613426208496	7.2370495796203613	6.8835048675537109	6.3531880378723145	5.5577130317687988	4.3645005226135254	2.5746815204620361	1.9034993648529053	0.89672619104385376	-0.11004701256752014	-1.116820216178894	-2.6269800662994385	-4.8922195434570313	-5.7416844367980957	-7.0158820152282715	-6.072822093963623	-5.356086254119873	-4.2809820175170898	-2.6683263778686523	-2.0635802745819092	-1.1564613580703735	0.20421716570854187	0.71447157859802246	1.4798532724380493	2.6279256343841553	4.350034236907959	6.9331974983215332	7.098114013671875	6.7348546981811523	6.1899657249450684	5.3726320266723633	4.1466312408447266	2.3076305389404297	1.6180053949356079	0.92838007211685181	0.2387547641992569	-0.79567855596542358	-2.3473265171051025	-4.6747984886169434	-6.8339939117431641	-6.5621194839477539	-6.1543073654174805	-5.5425891876220703	-4.6250123977661133	-3.2486467361450195	-2.7325096130371094	-1.9583040475845337	-0.79699558019638062	1.1812088489532471	4.4473886489868164	9.3466587066650391	9.0634975433349609	8.5537328720092773	7.7890853881835938	6.6421141624450684	6.2119998931884766	5.566828727722168	4.5990715026855469	4.2361626625061035	3.6917994022369385	2.8752543926239014	1.6504369974136353	-0.1867903470993042	-0.87575417757034302	-1.9091999530792236	-3.4593684673309326	-5.7846212387084961	-9.2725009918212891	-9.1505069732666016	-8.6600151062011719	-7.9242777824401855	-6.820671558380127	-6.4068193435668945	-6.251624584197998	-6.0188326835632324	-5.669644832611084	-5.1458630561828613	-4.3601903915405273	-4.0655632019042969	-3.6236224174499512	-2.9607112407684326	-1.9663442373275757	-0.47479382157325745	1.7624295949935913	5.1182236671447754	8.5980405807495117	8.283416748046875	7.9687929153442383	7.4968571662902832	6.7889533042907715	5.7270975112915039	4.1343140602111816	3.7361180782318115	3.3379220962524414	2.7406282424926758	1.8446874618530273	0.50077635049819946	-1.5150024890899658	-4.5386271476745605	-9.0740642547607422	-9.3361015319824219	-8.8263254165649414	-8.0616598129272461	-6.9146618843078613	-5.1941652297973633	-4.5489788055419922	-3.5811991691589355	-2.1295301914215088	5.7568475604057312E-2	1.0374451875686646	2.5072603225708008	4.7119827270507813	8.0190668106079102	9.5204076766967773	9.2103862762451172	8.9003658294677734	8.435333251953125	7.7377862930297852	6.691464900970459	6.2990942001342773	5.710538387298584	4.827704906463623	4.4966425895690918	4.0000486373901367	3.255157470703125	2.1378211975097656	0.46181681752204895	-2.0523087978363037	-5.8235378265380859	-9.5947666168212891	-10.53757381439209	-10.548215866088867	-10.017886161804199	-9.2223930358886719	-8.0291528701782227	-7.5816874504089355	-7.4138879776000977	-7.1621890068054199	-6.7846403121948242	-6.2183170318603516	-5.3688325881958008	-5.0502758026123047	-4.5724411010742188	-3.8556883335113525	-2.7805593013763428	-1.1678659915924072	1.2511016130447388	4.8794512748718262	10.321975708007813	10.817368507385254	10.477190971374512	9.9669246673583984	9.2015247344970703	8.0534257888793945	7.6228885650634766	6.9770827293395996	6.0083742141723633	5.645108699798584	5.1002097129821777	4.2828621864318848	3.056840181350708	1.217807412147522	-1.5406523942947388	-5.6782360076904297	-10.615351676940918	-10.20753002166748	-9.5957975387573242	-8.6781997680664063	-7.3018021583557129	-6.7856531143188477	-6.0114293098449707	-4.8500938415527344	-3.1080911159515381	-0.49508646130561829	0.56558865308761597	2.2803728580474854	4.8525490760803223	8.7108135223388672	11.751869201660156	11.390177726745605	11.028486251831055	10.485949516296387	9.6721439361572266	8.4514360427856445	6.6203732490539551	5.9337248802185059	4.903752326965332	3.3587934970855713	1.0413553714752197	-2.4349431991577148	-7.6494817733764648	-8.9531164169311523	-10.25675106048584	-12.212203025817871	-12.945497512817383	-13.029522895812988	-12.617068290710449	-11.998387336730957	-11.070364952087402	-9.6783323287963867	-9.1563196182250977	-8.3733015060424805	-7.1987733840942383	-5.4369816780090332	-2.7942938804626465	1.1698054075241089	2.6564033031463623	4.8863005638122559	8.2311458587646484	13.001585960388184	12.531216621398926	11.825663566589355	10.767333030700684	10.37045955657959	9.7751493453979492	8.8821830749511719	7.5427341461181641	7.040440559387207	6.2870006561279297	5.1568408012390137	3.4616005420684814	0.91874045133590698	-2.8953816890716553	-8.616485595703125	-10.51954174041748	-12.875859260559082	-12.60822582244873	-12.20677661895752	-11.604602813720703	-10.701342582702637	-9.3464508056640625	-8.8383665084838867	-8.0762405395507813	-6.9330511093139648	-5.2182669639587402	-2.6460902690887451	1.385342001914978	7.9995098114013672	9.6530513763427734	11.306593894958496	13.786906242370605	14.717023849487305	14.934185981750488	14.411025047302246	13.626284599304199	12.449172973632813	10.683505058288574	10.021380424499512	9.0281925201416016	7.5384106636047363	5.3037381172180176	1.9517291784286499	-3.0764625072479248	-4.9620771408081055	-7.7904987335205078	-8.8511562347412109	-10.442143440246582	-12.828624725341797	-13.59173583984375	-13.256156921386719	-12.752787590026855	-11.997734069824219	-10.865153312683105	-9.1662826538085938	-8.5292062759399414	-7.5735917091369629	-6.140169620513916	-3.9900367259979248	-0.76483696699142456	4.0731987953186035	5.8874788284301758	8.6088991165161133	12.69102954864502	14.221827507019043	13.481973648071289	10.037676811218262	8.7460651397705078	8.2617111206054688	7.5351791381835938	6.4453821182250977	4.8106861114501953	2.358642578125	-1.3193463087081909	-2.6985409259796143	-4.7673325538635254	-7.8705205917358398	-10.973708152770996	-14.076895713806152	-14.759394645690918	-14.322983741760254	-13.668366432189941	-12.686441421508789	-11.213554382324219	-10.661221504211426	-9.8327226638793945	-9.5220355987548828	-9.056004524230957	-8.3569583892822266	-7.3083887100219727	-5.7355351448059082	-3.3762540817260742	0	0	8.1992559432983395E-3	1.5738811492919922E-2	2.7502710342407227E-2	4.5725357055664065E-2	7.357472991943359E-2	0.11608411407470703	0.18088043212890625	0.27946737670898436	0.42859210205078124	0.65249871826171879	0.98830517578124999	1.4905817871093749	0.71204760742187501	-0.12146155548095704	-1.0104199829101563	-1.1659630126953124	-0.26236721801757812	0.61382189941406251	1.505661865234375	0.6577516479492187	-0.21397958374023437	-1.1052838134765626	-1.0760937500000001	-0.1741157684326172	0.88258752441406252	1.8465155029296876	0.70181933593750001	-0.38272824096679686	-1.4968543701171875	-1.2230965576171875	-0.1008214340209961	0.99787774658203121	1.7311370849609375	0.58870867919921877	-0.49796954345703126	-1.612076904296875	-1.1012864990234374	-1.1368104219436645E-3	2.7840541992187502	4.0413720703124998	1.1513109130859376	-1.5331541748046875	-4.3184482421875003	-2.4160244140625	0.28474246215820315	3.0735261230468751	3.7540693359374999	0.87351641845703121	-1.8211788330078125	-4.6063774414062504	-1.0919835205078126	5.0612587890625003	7.1537353515625002	9.0321396484375001	5.7061665039062497	0.97504882812500004	-4.3851328125000002	-9.1693320312500006	-7.6900703124999996	-5.4813056640625	-2.2830253906250002	2.1503415527343752	7.6877705078125	8.8724033203125003	8.1726059570312497	4.8604345703125	0.21114149475097657	-5.2047265625000003	-8.4043457031249993	-6.9276049804687503	-4.725359375	-1.5587886962890625	5.7686489257812497	8.5137246093750001	9.2940595703125002	9.8451425781249995	10.3669072265625	10.961516601562501	10.0919365234375	1.8398625488281251	-8.3519033203125002	-9.3774462890624992	-10.4335302734375	-11.5114111328125	-8.0155112304687499	2.92786962890625	5.7179628906250004	8.4206660156250006	10.3598525390625	11.599732421875	11.6722431640625	8.6933505859375	4.3407929687499998	-1.581864501953125	-10.29983203125	-11.1190859375	-11.9211796875	-12.2730888671875	-9.7576962890624994	-6.0448974609375004	-0.73625488281249996	7.7481567382812502	10.7267880859375	11.156770507812499	11.643779296875	12.189099609375001	12.6546201171875	13.027900390625	13.153962890624999	13.335021484375	13.3998759765625	13.48896875	13.599143554687499	13.0919287109375	11.2930654296875	8.6105498046874995	4.7104999999999997	3.2687861328125001	1.1470260009765625	-1.9165738525390625	-6.3077749023437502	-8.0536787109375005	-10.0544697265625	-11.227438476562501	-12.118041015625	-13.0887294921875	-13.387230468749999	-13.6222177734375	-13.832115234374999	-14.027608398437501	-12.6810380859375	-10.6292802734375	-7.6074790039062501	-3.1907551269531251	-1.5649984130859376	-0.97199688720703126	-8.5172515869140625E-2	1.234922119140625	2.9235126953125001	4.9013232421874999	6.9214687499999998	9.5906259765624995	10.2759306640625	10.939518554687499	11.6042021484375	12.1930966796875	12.860756835937501	13.6477587890625	14.1180439453125	12.995182617187499	11.3107724609375	8.8019472656249995	5.1516083984375003	-0.13170692443847656	-7.5828715820312498	-9.9643691406249992	-11.588863281249999	-12.700533203125	-13.706897460937499	-14.224669921875	-11.523835937499999	-7.5321186523437502	-1.7426776123046874	6.2445405273437498	9.1402519531250004	11.41289453125	11.984142578125001	12.5701552734375	13.1965244140625	13.936533203125	14.16355859375	14.239950195312501	14.340408203125	14.358096679687501	14.401591796875	14.462416992187499	14.5690146484375	14.722294921874999	14.8254853515625	12.8706142578125	9.9497197265625008	5.7042910156250004	-0.42367297363281248	-8.7144365234375005	-10.353353515625001	-11.6662060546875	-12.4686123046875	-13.0508359375	-13.74029296875	-14.545414062500001	-14.796442382812501	-15.108640625	-9.9039179687499992	-6.0700913085937502	-0.45299252319335936	7.1811762695312504	9.3504482421875004	10.87133984375	12.1414873046875	12.496833984375	12.92996875	13.4730244140625	14.1583701171875	15.0005400390625	15.0473203125	13.03705078125	10.03220703125	5.6644321289062498	-0.64165954589843754	-8.9504023437499995	-10.3881494140625	-11.3155595703125	-11.95781640625	-12.720994140625001	-13.559005859375	-14.487125976562499	-15.1616728515625	-13.656524414062501	-11.398041992187499	-8.0742578125000009	-3.2121303710937501	3.72317529296875	5.9870327148437497	9.1081494140625008	11.0580986328125	12.6640439453125	14.226574218750001	15.600044921875	14.026373046874999	11.196885742187501	7.0791196289062501	1.0459937744140626	-1.1196427001953124	-4.3083110351562501	-8.2477392578124995	-9.1443837890625002	-10.0925048828125	-11.0413212890625	-12.037295898437501	-13.121482421874999	-13.456865234375	-13.9064697265625	-14.481458007812501	-15.2027744140625	-15.9324619140625	-15.254007812499999	-12.5238828125	-8.5110693359374991	-2.66250830078125	-0.49580551147460938	0.29159603881835938	1.4647425537109375	3.2148120117187502	5.5517583007812501	8.3184052734375005	8.9750957031249996	9.6985546874999997	10.5035224609375	11.364969726562499	12.342526367187499	13.451411132812501	14.705674804687501	15.6790498046875	13.929560546875001	12.1794326171875	9.5828652343749994	5.80941357421875	0.26134381103515625	-7.11262744140625	-8.5131689453125006	-9.3802607421875006	-10.319552734375	-11.241455078125	-12.252819335937501	-13.384623046874999	-14.635999023437501	-15.885667968750001	-15.941482421875	-13.104332031249999	-8.9132412109374997	-2.8288359375000001	5.6034345703125004	7.9087905273437498	9.8082216796875006	11.25431640625	12.656216796875	13.155724609375	13.8233994140625	14.673030273437501	15.6440615234375	15.9803994140625	14.2514716796875	12.522089843750001	9.9559384765624994	6.2267958984374996	0.71977032470703128	-1.2618007812500001	-4.1816816406250004	-7.7027885742187499	-8.5912333984375007	-9.5223505859375006	-10.465885742187499	-11.45858984375	-12.544549804687501	-13.77496484375	-15.1427509765625	-16.037159179687499	-16.199364257812501	-16.201149414062499	-13.2453173828125	-8.8918212890625004	-2.5702243652343748	-0.2326894989013672	0.61479797363281252	1.881789306640625	3.7433994140625	6.0841049804687497	8.4556591796874994	9.0500449218749992	9.7087421875000004	10.459391601562499	11.335013671875	12.3362880859375	13.510232421874999	14.899434570312501	16.232749999999999	16.319922851562499	14.415953125	11.567869140625	7.4322827148437502	1.3570310058593751	-0.8402467651367187	-4.0528469238281248	-7.7091533203124998	-8.5321015624999994	-9.4437412109374996	-10.3491494140625	-11.367751953125	-12.491947265625001	-13.785251953125	-15.2170849609375	-16.257401367187502	-13.9912626953125	-10.6118779296875	-5.7254960937500003	1.3595191650390626	3.8465283203124998	6.6761645507812499	9.1202841796875003	10.905859375	12.537125	13.067700195312501	13.8479599609375	14.837583984375	15.931556640625001	16.525119140625002	14.4949970703125	12.4673125	9.4913447265625006	5.1469814453125	-1.1652084960937501	-8.2010224609374998	-9.3273173828125007	-10.387474609374999	-11.552032226562501	-12.817019531250001	-14.2899345703125	-15.717151367187499	-15.975905273437499	-16.189116210937499	-16.436830078124999	-16.520171874999999	-16.52959375	-14.253564453125	-10.862415039062499	-5.9878037109375004	0.9842327880859375	3.3164445800781248	6.0476791992187504	8.0070322265624991	9.9961992187500002	11.8248984375	13.7173046875	14.3042236328125	15.061710937499999	15.9542138671875	16.788140625	14.1386708984375	10.216836914062499	4.5649492187499998	2.4644548339843748	-0.61045104980468745	-4.9771406249999997	-8.5039697265625005	-9.1551503906249998	-9.9265605468750007	-10.849022460937499	-11.903939453125	-13.113982421875001	-14.5186748046875	-15.703156249999999	-15.9581298828125	-16.253240234374999	-14.80444140625	-12.630208007812501	-9.4342978515624996	-4.8399545898437504	1.3515161132812501	3.3296098632812501	5.4815415039062501	7.2563706054687502	9.2879824218750002	11.2748916015625	13.45963671875	15.742810546875001	16.151374023437501	16.499281249999999	16.910425781250002	17.033078124999999	17.060675781250001	14.098281249999999	9.7560742187499994	3.476259521484375	-5.2116127929687499	-7.2173530273437496	-8.6637099609374992	-10.079890625000001	-11.523712890624999	-13.0432060546875	-14.535783203125	-14.938114257812501	-15.398798828125001	-15.5588818359375	-15.79528125	-16.156887695312498	-16.278184570312501	-14.4967392578125	-11.832332031250001	-8.0021010742187499	-2.6107958984374999	3.5027299804687502	4.8775048828124996	6.1713525390625001	8.0200571289062506	9.8611416015624993	11.8685849609375	14.233388671875	14.938548828125001	15.770087890625	16.6611328125	16.934025390624999	12.764427734374999	-4.8114213867187496	-8.0580605468749997	-8.6686474609374997	-9.4197226562500003	-10.331498046875	-11.340474609375001	-12.443068359374999	-13.6640966796875	-14.0283125	-14.500526367187501	-15.1203271484375	-15.666259765625	-16.206784179687499	-16.331845703125001	-14.041396484374999	-10.6486708984375	-5.8587700195312502	4.1535530090332035E-2	1.866799560546875	4.0300175781250003	4.5319663085937503	5.0457514648437503	5.99326416015625	7.2937133789062498	8.7792441406249999	10.428007812500001	12.314456054687501	Displacement (mm)


Load (KN)
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Load (KN)
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