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Abstract

:

The previous research introduced an innovative retrofitting technique for reinforced concrete beams using modularized steel plates. This technique enhances structural performance, offering a lightweight solution compared to conventional retrofitting methods using steel plates, and accommodates construction errors. However, a challenge arises due to the lack of integrity between unit steel plates. To address this, this study proposes a novel method of connecting each steel plate with bolts. The experimental results show that retrofitted beams achieved a maximum load of 311.9 kN, roughly 1.6 times that of non-retrofitted specimens, with the ductility of retrofitted beams being 3.3 times that of the non-retrofitted beams. Additionally, there was a 25% increase in load capacity for beams retrofitted with interconnected steel plates compared to those without connections between unit steel plates.
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1. Introduction


Reinforced concrete (RC) structures experience degradation throughout their lifespan. Notably, structures without seismic design require seismic retrofitting. To address these issues, various retrofit techniques have been explored and implemented. The retrofitting of RC structures primarily targets columns and beams, with each possessing unique retrofit requirements dictated by their functional roles and characteristics. Columns play a crucial role in dissipating energy during seismic events. To enhance this capability, strategies such as integration of dampers, enlargement of cross-sections, and bracing have been employed to resist seismic load [1,2,3]. The RC beam primarily serves as a material resistant to bending. Therefore, the retrofitting strategy for beams is focused on enhancing their flexural capacity. In this context, fiber-reinforced polymers (FRP) and steel plates have been widely adopted [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. Additionally, one widely used method for retrofitting beams is utilizing fiber-reinforced materials such as ultra-high-performance concrete [16,17,18,19,20]. Shang et al. [16] and Ramezani [17] conducted a comprehensive review focusing on recent advancements in evaluating the efficacy of reinforced concrete (RC) structures enhanced with engineered cementitious composite (ECC). ECC exhibits notable properties such as tensile strain hardening behavior and robust interfacial bonding capabilities with substrate concrete, rendering it a viable candidate for retrofitting applications. This review showed that employing ECC for strengthening purposes significantly enhances the structural performance of RC systems. The investigation conducted by Huang et al. [18] examined reinforced concrete beams retrofitted using either ultra-high-performance concrete (UHPC) or carbon fiber-reinforced polymer (CFRP). Their findings revealed that UHPC exhibits superior toughness, displacement capacity, and fracture energy compared to CFRP retrofitting. Consequently, UHPC emerges as a favorable option for strengthening reinforced concrete structures, offering both technical advantages and economic benefits. Additionally, Ramezani [19] and Barham [20] delved into a retrofitting approach utilizing carbon nanotubes (CNTs). Their studies demonstrated that CNTs effectively fills voids within the concrete matrix, resulting in a notable enhancement in compressive strength.



Teguh M. proposed a cost-effective method for repairing damage in the existing frame structure with enhanced strength and ductility [21]. However, retrofitting RC beams presents challenges, such as limited workspace availability and the use of heavy retrofit materials. Although FRP can mitigate some of these issues by employing strips, its inherent material properties may cause brittle failures [10]. Both steel plate and FRP methods are prone to debonding issues with RC components [22,23]. Cracks in RC beams can be observed before the full potential of steel plates or FRP is realized, leading to debonding and compromised structural integrity.



Recent studies [24,25] introduced an innovative retrofitting approach for RC beams using modularized steel plates, bypassing the constraints of traditional RC beams retrofitted with FRP and steel plates. This novel method presents benefits including weight, construction ease, and adaptability to various beam sizes. Importantly, it effectively overcomes debonding issues and enhances the structural performance of the existing RC beam by approximately 1.8 times [25]. However, in this new method, the modularized steel plates were not bonded to each other, and integration with the RC beam relied solely on chemical anchors. Experimental results from previous research [24,25] confirmed that when the RC beam experiences bending moments, gaps occur between the modularized steel plates. Therefore, the primary objective of the present study is to develop an innovative connection between modularized steel plates, addressing this shortcoming in the existing retrofitting approach. This study aims to introduce improvements to the modularized steel plate retrofitting method, with the goal of providing a more reliable technique for retrofitting RC beams.




2. Concept of the Modularized Steel Plate with Bolt Connections


A previous study [24] introduced a novel retrofitting technique for RC beams utilizing modularized steel plates. This method entails encasing the RC beam with a steel plate, which establishes a void between the beam and steel plate that is subsequently filled with non-shrinkage mortar to address concerns regarding mortar shrinkage and to ensure workability during construction. This approach amalgamates the concrete jacketing technique with a retrofitting method employing steel plates or FRP. The jacketing procedure augments the rigidity and strength of the existing RC beam, whereas the steel plate bolsters its ductility. Figure 1 is a schematic representation of the components associated with modularized steel plates.



The proposed technique is conceptualized in a singular-unit format to simplify construction. A single unit comprises a Z-shaped side plate, an L-shaped lower plate, and a bottom plate. The Z-shaped side plate, affixed to the RC beam side, enhances its ductility and strength. Each lower plate is L-shaped, comprising two pieces that form one component. Therefore, since lower plates are attached at both ends of the beam width, if the beam width changes due to construction errors, they can be attached according to the beam width, accommodating for construction errors. These plates are interconnected using bolts, with their dimensions determined by the intended enlargement section, specifically the depth of the newly added beam. The bottom plate enveloping the base of the added beam ensures ductility, especially since it resides in the tension zone. This plate is equipped with a vertically welded grid, serving as the tensile reinforcing bar and improving bond capacity in the added beam, seamlessly integrating into the slot at the base of the Z-shaped side plate. The statement that vertically welded grids can serve the function of tensile reinforcing bars within the added beam was supported by the findings derived from the author’s previous research [24]. The bond between the steel plate and the existing RC beam is realized using chemical anchors.



For ease of handling, the modularized steel plate retrofitting approach is segmented into units, each reinforcing the RC beam. A previous study [24] observed stress concentration at the interconnections of units when subjected to flexural load. To rectify this, the current research introduces an enhanced detail to fortify the inter-unit joints, as illustrated in Figure 2. This novel detail is a joint steel plate connected to the Z-shaped side plate, with Z-shaped plates of adjacent units bolted together. Contrary to the initial joint design, which solely anchored the Z-shaped side plate to the RC beam without inter-module connections, the revised method interlinks the Z-shaped side plates, ensuring cohesive behavior across modules. This enhancement retains the original modularized steel plate components, presenting the benefits of straightforward design and fabrication.



The construction procedure for the modularized steel plate is sequentially delineated below. Notably, the construction solely relies on chemical anchors or high-strength bolts, obviating the need for specialized labor. This not only results in cost savings but also expedites the construction process due to its simplicity.




	(1)

	
The surface preparation of the concrete, for example, removing surface contaminants, is conducted, and later, the L-shaped lower plate, with its protrusion, is affixed to the RC beam underside utilizing chemical anchors;




	(2)

	
The L-shaped lower plate and the Z-shaped side plate are interconnected using high-strength bolts. The bottom plate is slotted into the designated groove at the Z-shaped side plate base. After aligning the bottom plate with the Z-shaped side plate, they are secured using high-strength bolts;




	(3)

	
The Z-shaped side plate is anchored to the concrete beam side via chemical anchors;




	(4)

	
The void between the L-shaped lower plate and the bottom plate is filled with non-shrinkage mortar, facilitating the formation of the added beam;




	(5)

	
For instances incorporating joint details between modularized steel plates, high-strength bolts are employed for the connection.










3. Experimental Program


3.1. Specimen Details


This research aims to assess the structural behavior of RC beams contingent upon the module dimensions and the existence or nonexistence of interconnections within the modularized steel plate. To achieve this, one non-retrofitted specimen and three specimens retrofitted using modularized steel plates were fabricated. The specifics of these specimens are detailed in Table 1 and illustrated in Figure 3. While the modularized steel plate is intended to encase both the slab and beam in real onsite applications, this investigation solely concentrated on the RC beam behavior. Hence, the steel plate was designed to wrap solely around the beam, as depicted in Figure 3.



All specimens comprised RC beams measuring 300 mm in width, 350 mm in height, and 4000 mm in total length. The depth of the beam retrofitted with steel plates was set at 100 mm to prevent the retrofitted RC beams from becoming a deep beam. The thickness of the Z-shaped side plate and vertical grid was 3 mm. In contrast, the L-shaped lower plate and bottom plate, which directly impact ductility, were designed with thicknesses of 5 mm. Chemical anchors, utilized to secure the existing structure and the steel plate, were spaced at 300 mm intervals and had a diameter of 16 mm. The joint width between steel plates was 50 mm with a bolt spacing of 90 mm. High-strength bolts with diameters of 16 mm were employed for the connections. The size of one unit was categorized into two types. Type 1 comprised steel plates of lengths of 1.1 m, 1.8 m, and 1.1 m, whereas type 2 consisted of lengths of 1.5 m, 1 m, and 1.5 m. This distinction was important, as the overall structural behavior of the steel plate varies based on the joint’s position relative to the load application point. Notably, type 1 lacks a joint within the load application area, while type 2 possesses a joint at this location. Figure 4 is notation of specimens.



To validate the structural behavior of RC beams retrofitted with modularized steel plates, the tensile reinforcing bar and stirrups were designed to ensure that bending failure preceded shear failure. The incorporated tensile reinforcing bar was a deformed bar with a diameter of 19 mm, while the stirrups were constructed using a deformed bar with a diameter of 10 mm. The concrete used in specimen fabrication had a compressive strength of 23 MPa, the tensile reinforcing bar had a yield strength of 400 MPa, and the steel plate had yield strength of 275 MPa.




3.2. Test Setup


A test was executed on simply supported specimens using a hydraulic universal testing machine (UTM) with a 5000 kN capacity, progressing at a rate of 2 mm/min, as illustrated in Figure 5. The load application point for all specimens was uniformly set at a distance of 1000 mm. The distinct load application patterns for each type, determined by the modularized steel plate length, are presented in Figure 5b. The testing procedure was concluded when the load decreased to less than 80% of its peak after achieving the maximum load. A linear variable differential transformer (LVDT) was positioned at the specimen midpoint to record deflection. Strain gauges, as depicted in Figure 6, were affixed to capture the deformation of the tensile reinforcing bar and steel plates. The gauge affixed to the tensile reinforcing bar is designated as R1, and those on the steel plate are labeled S1 through S5.





4. Experimental Results and Analysis


4.1. Crack Propagation and Failure Modes


Figure 7 presents the experimental results for all specimens, encompassing crack propagation and the observed failure mode. Subsequent to the testing phase, the crack propagation in specimens retrofitted with modularized steel plates was inspected by detaching the steel plates. For the MSP-L specimen, due to safety considerations, steel plate removal was not feasible. Hence, its crack propagation remains undocumented. The non-retrofitted specimen, labeled CB, manifested initial flexural cracks centrally, which subsequently evolved into shear cracks extending from the supports to the load application points. The propagation of these shear cracks culminated in concrete spalling in the compression zone, resulting in brittle failure.



In comparison, specimens retrofitted using modularized steel plates demonstrated shear cracks similar to those in CB. However, these specimens experienced more frequent flexural cracks within their tension zones, narrower shear crack widths, and an abundance of minute cracks. The MSP-NC specimen, which lacked bolted connections between its steel plates, displayed significant concrete spalling within its tension zone compared to its bolt-connected counterpart, MSP-C. The failure mode of MSP-C was predominantly concrete crushing at the point of load application. In contrast, MSP-NC exhibited intensified cracking at its interface with the steel plate, indicating a lack of cohesive behavior. The absence of connections between the steel plates in MSP-NC resulted in a deviation in its flexural behavior compared to the RC beam. This led to the steel plates in MSP-NC bearing less tensile force than those in MSP-C. Figure 8 supports this, showing that the Z-shaped side plates in MSP-C underwent more pronounced deformation than those in MSP-NC, with clear signs of debonding evident in MSP-NC. Upon analyzing the behavior of modularized steel plates with different unit dimensions, as illustrated in Figure 8b,c, both MSP-C and MSP-L lacked interconnections. As shown in Figure 5b, while MSP-C was subjected to load within a single module, MSP-L experienced loading at the terminal points of the module. The concentrated loading at these terminal points exposed MSP-L to forces that promoted debonding. The lack of connections between modules led to almost complete separation of MSP-L after testing. This highlights the importance of module dimensions based on the load borne by the RC beam and the mechanism of load transfer.



The effectiveness of retrofitting methods that attach reinforcements to pre-existing structures is largely influenced by the bonding strength between the core material and the added reinforcement. Figure 9 provides a detailed view of the bond status post testing between the RC beam and steel plate. Within an individual module, the steel plate maintained a strong bond with the existing RC beam on both its sides and bottom. Additionally, there were no signs of bolt loosening, joint shearing, or any form of buckling in the steel plates.




4.2. Load–Displacement Relationships and Initial Stiffness


Table 2 presents the experimental results, and Figure 10 illustrates the load–displacement curves for each specimen. Specimens retrofitted with modularized steel plates showed an average maximum load of 262.6 kN, about 1.3 times the maximum load of the non-retrofitted concrete beam, CB. The initial stiffness of CB was 8.87 kN/mm, while the retrofitted specimens had an average stiffness of 10.3 kN/mm. These data suggest that the modularized steel plate significantly enhances the stiffness of the pre-existing RC beam, likely due to the added section between the steel plate and existing beam.



In terms of steel plate connectivity, MSP-NC, without interconnected steel plates, reached a maximum load of 247.65 kN. On the other hand, MSP-C, with bolted steel plate connections, achieved a maximum load of 311.95 kN. This indicates that operation of the modularized steel plate as a cohesive unit improves its load capacity by about 25% compared to when it operates in isolation. The initial stiffness also exhibited an increase of approximately 21%. The performance based on module size was analyzed using MSP-NC and MSP-L. MSP-L, which was loaded at the steel plate connection, had a maximum load of 228.24 kN, about 85% of the maximum load of MSP-NC where the load was applied within a single module. This suggests that the performance of the modularized steel plate is influenced by the size of the module and the position of load application. Furthermore, even without specific connections between steel plates, optimizing module dimensions based on the load distribution of the RC beam can lead to more highly integrated behavior.




4.3. Ductility Capacity


Ductility is the ability of a material to undergo substantial deformation beyond its elastic limit without experiencing failure. This study investigated the flexural behavior of RC beams retrofitted with modular steel plates, aiming to assess their deformation capabilities in terms of ductility. The displacement ductility ratio (  μ  ) is determined by dividing the displacement at maximum strength (    δ   u    ) by the displacement at the yield point (    δ   y    ), as shown in Equation (1). The yield point for this study is the intersection of the load–displacement curve and a line parallel to the initial stiffness, as outlined in a previous study [24].


  μ =     δ   u       δ   y      



(1)







The displacement ductility ratios for each test specimen, calculated using Equation (1), are presented in Table 3. The results indicate that incorporation of modular steel plates can enhance the ductility of RC beams by approximately a factor of two. This improvement is attributed to the steel plate strategically positioned on the tension zone of the RC beam, which mitigates crack propagation under bending loads. The specimens, labeled MSP-NC and MSP-L, which lack interconnected steel plates, exhibited comparable ductility irrespective of their modular dimensions. These specimens achieved a ductility index close to 2.9, nearly twice that of the control RC beam (CB). Conversely, the MSP-NC specimen with bolted steel plate connections achieved a ductility index of 4.6, almost three times greater than that of the CB. This value is approximately 1.6 times greater than that of specimens without interconnected steel plates, underscoring the notion that the enhancement attributed to the modularized steel plate is critically influenced by the integration efficacy of the plates.




4.4. Load-Strain Behavior


Figure 11a delineates the strain distribution by the tensile reinforcing bar within the RC beam, and Figure 11b illustrates the strain exhibited by the Z-shaped side plate in specimens retrofitted with modularized steel plates at maximum load. The analysis of the load–strain relationship for the tensile reinforcing bar illustrated in Figure 11a reveals that all specimens reached a yield strain threshold of 0.002 just prior to peak load, indicating the initiation of yielding. Following this, the specimens transitioned into the plastic region, culminating in failure. In the comparative assessment of strain within the tensile reinforcing bar at identical loads, the non-retrofitted concrete beam manifested the most pronounced strain. In beams retrofitted with modularized steel plates, the strain within the tensile reinforcing bar was decreased slightly. This can be attributed to the resistance to tensile forces by not solely the tensile reinforcing bar of the existing RC beam but also the vertical grid and bottom plate of the added section. This observation accentuates the efficacy of the modularized steel plate in counteracting tensile forces.



Figure 11b provides an in-depth depiction of the deformation behavior exhibited by the Z-shaped side plate, which is laterally attached to the existing beam. The S1 gauge located within the beam’s compression zone recorded minimal deformation across all specimens, a result of the steel plate’s inability to resist tensile forces in that region. A pattern was observed wherein the strain in the steel plate progressively increased as it neared the tension zone of the beam. The added beam is positioned 350 mm from the compressive surface of the existing RC beam, and the S4 and S5 gauges are situated within this region. Importantly, in the MSP-C specimen, which is distinguished by its interconnected steel plates promoting integrated behavior, the strains registered at the S4 and S5 locations were notably higher compared to that at S3, reaching a yield strain of 0.001375. This suggests that interconnected steel plates allow synergistic function between the pre-existing RC beam and the newly incorporated section. These results are evidence of the substantial tensile resistance provided by a modularized steel plate when effectively bonded to the beam.





5. Conclusions


This paper builds upon previous research that proposed a retrofitting method for reinforced concrete beams using modularized steel plates. In this study, a bolted connection between steel plates was introduced to address the debonding issue observed in previous research. Moreover, the structural performance of the modularized steel plate was analyzed based on the size of an individual module unit. The main conclusions drawn from this study are as follows.




	(1)

	
The modularized steel plate retrofitting technique was effective in influencing crack propagation in retrofitted RC beams. Specimens retrofitted with this method displayed more flexural cracks in tension zones and exhibited narrower shear crack widths compared to non-retrofitted beams. A key observation was deviation of the flexural behavior due to insufficient connections between the steel plates. This highlighted the significance of robust interconnections to ensure cohesive behavior and to prevent debonding. Furthermore, the interplay between module dimensions and their corresponding loading points became apparent. Concentrated loading at the end of a module increased susceptibility to forces that could lead to debonding. This emphasizes the necessity of aligning module dimensions with anticipated loads and the mechanism of load transfer;




	(2)

	
Retrofitting using the modularized steel plate method significantly enhances the maximum load and stiffness of existing RC beams. Specimens retrofitted with these plates demonstrated maximum load 1.6 times that of non-retrofitted beams. Additionally, interconnected steel plates increased the load capacity by about 25% compared to isolated plates. Both the load application point and module size were crucial in determining modularized steel plate performance;




	(3)

	
The use of modularized steel plates for retrofitting RC beams resulted in a marked increase in ductility, with certain specimens showing almost double the ductility. Specimens with interconnected plates had a ductility index approximately 1.6 times that of those without. Tensile forces were shared between the steel plate and the original RC beam, indicating that the modularized steel plate effectively handles tensile forces. Additionally, the strain levels within these plates increased as they neared the beam’s tension zone, emphasizing the importance of effective bonding;




	(4)

	
The evident differences of load, stiffness, and ductility between specimens with interconnected steel plates and those without highlight the necessity for shear and flexural strength formulas tailored to the connection method. While this research focused on a limited set of specimens to study the effects of steel plate interconnections, future research should include a broader specimen range for a more comprehensive assessment of flexural and shear performance.
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Figure 1. Proposed modularized steel plate [24]. 
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Figure 2. Proposed connection detail. 
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Figure 3. Details of the specimens (mm): (a) CB, (b) MSP-NC, (c) MSP-C, and (d) MSP-L. 
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Figure 4. Notation of specimens. 
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Figure 5. Test setup: (a) photograph and (b) schematic of the test setup. 
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Figure 6. Locations of the measurement sites (mm). 
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Figure 7. Crack patterns for (a) CB, (b) MSP-NC, and (c) MSP-C. 
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Figure 8. Failure after testing for (a) MSP-NC, (b) MSP-C, and (c) MSP-L. 






Figure 8. Failure after testing for (a) MSP-NC, (b) MSP-C, and (c) MSP-L.



[image: Applsci 14 03137 g008]







[image: Applsci 14 03137 g009] 





Figure 9. Modularized steel plates after testing: (a) side, (b) bottom (MSP-C), and (c) bottom (MSP-L). 
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Figure 10. Load–displacement curves. 
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Figure 11. (a) Strain of the tensile reinforcing bar and (b) strain of the steel plate. 
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Table 1. Details of the specimens.






Table 1. Details of the specimens.





	
No.

	
Name

	
Retrofitted Method

	
Bolted Connection Detail

	
Length of Modularized Steel Plate (m)




	
Left

	
Middle

	
Right






	
1

	
CB

	
None

	
None

	
None




	
2

	
MSP-NC

	
Modularized steel plate

	
Absence

	
1.1

	
1.8

	
1.1




	
3

	
MSP-C

	
Presence

	
1.1

	
1.8

	
1.1




	
4

	
MSP-L

	
Absence

	
1.5

	
1

	
1.5











 





Table 2. Summary of the test results.






Table 2. Summary of the test results.





	No.
	Name
	     P   u      (kN)
	     δ   u      (mm)
	     K   i      (kN/mm)





	1
	CB
	204.40
	40.39
	8.87



	2
	MSP-NC
	247.65
	82.33
	9.74



	3
	MSP-C
	311.95
	116.27
	11.86



	4
	MSP-L
	228.24
	78.65
	9.37







    P   u    , maximum load of each specimen;     δ   u    , displacement when maximum load is applied;     K   i    , initial stiffness.













 





Table 3. Displacement ductility ratio.






Table 3. Displacement ductility ratio.





	No.
	Name
	     P   y      (kN)
	     P   u      (kN)
	     δ   y      (mm)
	     δ   u      (mm)
	    μ    





	1
	CB
	199.40
	204.40
	26.87
	40.39
	1.50



	2
	MSP-NC
	232.75
	247.65
	27.70
	82.33
	2.97



	3
	MSP-C
	290.45
	311.95
	25.38
	116.27
	4.58



	4
	MSP-L
	201.83
	228.24
	27.47
	78.65
	2.86
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