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Abstract: This paper presents the results of experimental and numerical investigations aimed at enhancing the 

flexural capacity of Precast Concrete Corbel Beam-Column Connections (PC-CBCC) using Fiber-Reinforced 

Plastic (FRP) sheets. The experimental study primarily focused on assessing the flexural capacity of pinned PC-

CBCCs reinforced with FRP layers, comparing them to a moment-resisting connection. A series of half-scale 

specimens, including three PC-CBCCs with varying FRP configurations, were tested alongside one in-situ 

concrete fixed connection. The objective was to quantify the ultimate flexural capacity of PC-CBCCs reinforced 

by FRP sheets. The effects of FRP layer thickness, locations, and potential debonding were examined under 

unidirectional static tests while applying a constant axial compressive load to the columns and subjecting the 

beams to lateral loads until fracture. Additionally, a precise finite element model of the PC-CBCCs and a fixed 

joint was developed and verified to simulate nonlinear static analyses of the connections in ANSYS software. 

A comprehensive comparison was conducted to determine their responses by employing various FRP 

configurations and properties. The tests and numerical results demonstrate that wrapping PC-CBCCs with 

anchored FRPs can transform pin connections into moment-resistant joints. Moreover, critical design 

parameters such as bond length, thickness, and placement of FRP sheets, along with appropriate mechanical 

anchorage, are identified to prevent debonding and delamination. 

Keywords: FRP; precast connection; reinforced concrete; flexural capacity 

 

1. Introduction 

Precast reinforced concrete structures have gained widespread popularity due to their 

numerous advantages, including superior quality control, rapid construction speed, reduced labor 

requirements, and lower construction costs. Many types of precast concrete components can be used 

in different structural systems and applications. These include beam-column connections [1–3], 

precast beams and girders with double-tee, inverted-tee, L-shaped, I-shaped, and box-shaped [4], 

which are horizontal members that span between columns or walls and support floor or roof slabs. 

Precast concrete columns and walls [5,6] with rectangular, circular, octagonal, H-shaped, and C-

shaped are vertical members that support beams, girders, or slabs, and provide stability and lateral 

resistance to the structure. Precast concrete floors [7] are horizontal members that form a structure 

with common hollow-core, solid, ribbed, waffle, and coffered slabs. Each of these components can be 

either prestressed or reinforced with cast-in-place concrete, steel plates, or Fiber-Reinforced Plastic 

(FRP) sheets [8,9]. 

In precast concrete structures, the connections between elements are pivotal during severe wind 

and seismic loadings. These connections are broadly categorized into two types: wet and dry 

connections [10,11]. Wet connections involve the use of protruding reinforcement bars from the 

precast concrete components and the application of cast-in-place concrete [12]. These connections 

exhibit seismic performance akin to monolithic joints, demonstrating good energy dissipation and 

bearing capacity [13]. The dry connections either are pinned connections or rely on high-strength 
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bolts and steel plates [14]. Dry connections offer time-efficient assembly and ease of construction, 

making them commonly used in precast structures. However, these connections, particularly those 

with pinned types, can have low flexural capacity and ductility, which allows beams to rotate freely 

without effectively transferring lateral forces to columns [15,16]. This deficiency in rotational capacity 

to dissipate seismic energy absorption can lead to significant damage during seismic events in precast 

structures [17]. Hence, researchers are investigating methods to transform these pinned connections 

into flexural joints, aiming to enhance the structures' performance against both gravitational and 

lateral loads. 

There are several techniques to increase the resilience of the pinned precast connections, by 

employing replaceable energy dissipation connectors [18], Fiber Reinforced Polymers (FRP) [19], end 

plate and bolted connections [20,21], dowel bars [22], steel billet [23], steel box section [24], etc. These 

connectors can improve the seismic performance of the precast structure and make post-earthquake 

repair more convenient. This paper aims to enhance the seismic performance of a Precast Concrete 

Corbel Beam-Column Connection (PC-CBCC) with FRP sheets and appropriate mechanical 

anchorage. The FRP materials are known for their high strength-to-weight ratio and excellent 

corrosion resistance, making them suitable for use in seismic retrofitting of existing structures [25]. 

Through the confinement of concrete members, the flexural, shear, and axial capacities of reinforced 

concrete elements can be increased, thereby enhancing energy absorption [26]. Furthermore, the FRP 

sheets and bars exhibit significantly greater strength and resistance against corrosion, along with 

enhanced remoldability, when compared to steel materials [27,28]. 

Over the past decades, extensive research has focused on reinforcing cast in-situ beam-column 

connections using FRP and other techniques [29–31]. However, several aspects concerning the 

identification and mitigation of weaknesses in precast connection details when exposed to lateral 

loads remain unexplored [32]. The primary drawbacks associated with precast connections involve 

shear-moment failure due to inadequate bond length and a lack of diagonal shear strength within the 

connection core. Gergely et al. [33] and Parvin and Granata [34] conducted studies focusing on 

reinforcing the shear-moment capacity of T-joints and corbel connections using CFRP composites. 

Additionally, investigations into CFRP separation reinforcing beam-column connections have been 

conducted in various studies [35,36] to explore shear stress distribution during separation from the 

concrete surface of beams. However, the existing knowledge regarding enhancing the flexural 

capacity of pinned precast connections is limited to specific cases, highlighting the need for further 

analysis and investigation. To address this, this study encompasses comprehensive experimental and 

numerical investigations to explore the application of FRP sheets. Its primary aim is to enhance the 

understanding of transforming pinned precast concrete connections into moment-resistant ones. The 

feasibility of this transformation involves employing various bonding methods, such as wrapping 

corbels and focusing on critical zones of beams and columns. The study seeks to increase knowledge 

regarding the feasibility of using FRP sheets to alter the structural behavior from pinned to moment-

resistant connections. 

The subsequent sections introduce the experimental testing program, encompassing 

descriptions of the specimens, preparation of test archetypes, material properties, and test setup, 

along with instrumentation details. Following this, the experimental results are presented to 

demonstrate the effectiveness of the FRP layers in enhancing the flexural capacity of the PC-CBCC. 

Subsequently, the numerical modeling of both fixed and pinned connections employing various 

wrapping methods is simulated, and the obtained results are compared across a comprehensive set 

of illustrative examples. 

2. Experimental testing program 

2.1. Description of test specimens 

In this study, four ½-scaled specimens, serving as representative examples of exterior beam-

column connections in a building, were designed and tested. The prototypes included a moment-

resisting (fixed) connection with cast in-situ concrete, referred to as 'FC,' and PC-CBCC, designated 
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as 'PC.' Figure 1 illustrates the details of the FC and PC specimens. Both FC and PC prototypes were 

designed per the weak beam-strong column theory as per ACI 318 [37]. The maximum longitudinal 

reinforcement ratio for beams was set at 0.3 of their cross-sectional area (ρmax=0.3), while the 

longitudinal bars for columns were established at 3.5%. Their transverse bars and bond lengths were 

also designed to comply with ACI 318 requirements for earthquake-prone regions. As depicted in 

Figure 1, unlike the FC specimen, the PC archetypes featured pinned joints, wherein the beam rested 

on the corbel of the column, and the space between them was filled with cement grout. 

 

Figure 1. Reinforcement details of test specimens: (a) fixed (FC) and (b) pinned (PC) connections. 

Figure 2 depicts three methods, namely PC-1, PC-2, and PC-3, aimed at improving the flexural 

capacity of the pinned PC archetypes. In PC-1, L-shape and full-wrap FRPs were employed, while in 

PC-2 and PC-3, both U-shaped and full-wrap layers were utilized to reinforce the corbel connection. 

Moreover, the external anchorage was incorporated in the PC-3 specimen to examine its impact on 

delaying the debonding of the FRP layers during lateral loading. 

 

Figure 2. Detailing of FRP wrap layout for (a) PC-1, (b) PC-2, and (c) PC-3 specimens. 

2.2. Preparation of test archetypes 

The concrete mix design for the beam-column connections followed the specifications outlined 

in ACI 211 [38]. Accordingly, the Portland cement Type II with a slump ranging from 78 to 100 mm 

and a water-to-cement ratio of 0.56 (equivalent to 216 kg/m³ of water) was used in the mixture. The 

standard gradation curve was adhered to, restricting the maximum grain size to 12.5 mm.  
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The construction process involved assembling a metal framework and placing concrete on a 

horizontal surface of ground level. During the curing process, the samples were consistently watered 

thrice daily for a week and subsequently maintained at laboratory temperature for 30 days. Following 

concrete curing, the precast beam and column specimens were strategically placed adjacent to each 

other, with 30-mm free contraction joints filled using grout. A 25 mm chamfer was integrated into all 

concrete members to mitigate stress concentration in the spiraled FRP sheets enveloping the beams 

and columns. Additionally, the surface was rubbed using a soft sander to reach a roughness of 0.5 

mm. The first layer of FRP underwent saturation with Sikadur-330 resin [39] and was affixed to the 

surface. Compression was meticulously applied using a rubber roller to extrude excess adhesive, 

repeating the process for subsequent layers until reaching the desired thickness. 

2.3. Material properties 

Table 1 presents a summary of the 28-day cylinder strength, ultimate failure load, and other 

characteristics of the specimens, including the percentage of longitudinal FRP and the ratio of corbel 

and beam spirals. The test specimens used to measure the 28-day compressive strength (f’c) 

comprised three cylindrical samples, each with a diameter of 150 mm. To ensure the accuracy of 

concrete properties, two of these cylindrical specimens underwent an identical curing process to that 

of the main specimen, ensuring consistent conditions for result comparison. In contrast, the third 

specimen was subjected to saturated curing conditions, offering insight into the material's behavior 

under varying curing environments. As observed, the 28-day compressive strength ranged from 21.1 

to 23.2 MPa, reflecting a variation of approximately 1.0655 MPa in terms of variance calculated across 

the dataset. The tensile reinforcement comprised AIII-type steel with a yield strength of fy = 420 MPa. 

Additionally, AII-type steel bars, also with a fy=300 MPa, were used in the stirrups and bottom 

longitudinal bars of beams. The technical specifications for the FRP sheet used in this study, 

specifically the SikaWrap-200C, are detailed in Table 2. This type of FRP is known for its high 

strength-to-weight ratio and excellent corrosion resistance. The longitudinal FRP ratio of the beam 

(ρfb) and transverse FRP ratio wrapped around both the beam and corbel (ρfw) were determined with 

FRP area (Af) to the beam sectional area (Ab=bh). According to Table 1, the percentage values of ρfb for 

the PC-1 to PC-3 specimens were considered almost identical, while the ρfw value for the PC-1 

specimen was designed as half of those for the PC-2 and PC-3 archetypes. 

Table 1. Material and specifications properties of concrete and FRP sheets. 

Archetype f’c (MPa) ρfb (%) ρfw (%) 

FC 21.3 0.00 0.00 

PC-1 23.2 0.25 0.11 

PC-2 23.1 0.22 0.22 

PC-3 21.1 0.22 0.22 

Table 2. Material properties of FRP sheets. 

Type E (GPa) W(g/m2) γ (g/m3) Fu (MPa) ɛu (%) t (mm) 

SikaWrap-

200C 
230 200  5% 1.80 3900 1.55 0.11 

2.4. Test setup and instrumentation 

Figure 3 illustrates the experimental setup and the specifications of the specimens. These tests 

aimed to evaluate the structural behavior of the PC-CBCC specimens under specific loading 

conditions. The experiments were conducted with precision and care in the structural engineering 

laboratory of Isfahan University of Technology (IUT). Considering the available capacity and 

dimensions of the apparatuses, the specimens were intentionally crafted at a 1/2 scale of the actual 

beam-column connection. To correspond with the assumed inflection points situated at the midpoint 

of the beam and column, the pinned connections were designed and positioned at the extremities of 
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the specimens. Consequently, specimens with a column height of 1500 mm and a beam length of 1000 

mm were precisely fabricated and situated within the reaction frame, as depicted in Figure 3. A 

variable vertical load was incrementally applied to the end of the beam, 1000 mm away from the 

connection, utilizing a computer-controlled hydraulic jack with a capacity of 2500 kN. 

Simultaneously, a constant uniaxial load, equal to P= 0.2 f’cAg, was applied to the column head by a 

portable hydraulic jack. Furthermore, the typical instrumentation, as illustrated in Figure 3, was 

employed to measure the beam-to-column rotations, displacements, and applied forces. These 

include a 500 kN load cell with 250 N precision, an actuator for load-displacement control, and five 

LVDTs with 0.001 mm precision used to record displacement distributions along the beam and 

column faces. 

 

Figure 3. A typical illustration and dimensions of test specimens and apparatuses. 

3. Experimental results 

3.1. Specimen 1: FC archetype  

Figure 4 indicates the deformed shape and moment-rotation capacity curve of the initial 

specimen (FC) beyond 0.03 radians. Laboratory tests conducted on the FC archetype revealed that 

the longitudinal reinforcement of the beam yielded near the bearing, closely matching the anticipated 

theoretical yield in a cantilever beam with the fixed-base condition. The presence of diagonal micro-

fractures within the panel zone of the connection was observed, stemming from inadequate 

transverse reinforcement. Furthermore, the tensile reinforcement slid despite compliance with 

seismic-resistant design provisions for the longitudinal reinforcement and bond length. The failure 

observed was brittle, indicating a lack of proper ductility in the connection. 
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Figure 4. FC specimen: (a) fractures occurred near and within the core, and (b) moment-rotation 

capacity curve. 

3.2. Specimen 2: PC-1 archetype  

Figure 5 illustrates the failure mechanism of the second specimen (PC-1) alongside its 

corresponding moment-rotation curve. The connection's fracture initiation occurred as the spiral FRP 

wrapped around the beam and the corbel tore at its ultimate tensile capacity, i.e., ɛu =0.0155. 

Concurrently, 25% of the L-shaped FRP sheets, positioned at the connection's bottom, also tore. 

Consequently, the connection experienced a 30% reduction in its ultimate moment capacity, 

primarily carried by the L-shaped sheets. Consequently, the impact of the top and bottom FRPs on 

enhancing the flexural reinforcement of the PC-CBCC was found to be insignificant. This lack of 

significant contribution can be attributed to the high concentration of shear stress in the L-shaped 

FRP sheets while transferring the beam's tensile force to the spiral FRPs around the column. The 

tearing of these L-shaped sheets occurred at the folding point when they reached their maximum 

tensile strain.  

 

Figure 5. PC-1 specimen: (a) tearing of spiral and L-shaped FRP sheets, and (b) moment-rotation 

capacity curve. 

3.3. Specimen 3: PC-2 archetype  

In the case of the third specimen (PC-2 archetype), the debonding of the U-shaped FRP sheet 

from the column was observed during the initial loading stages, specifically at a lateral force of 4000 

N, as depicted in Figure 6. This separation of the FRP from the concrete surface resulted from 

concentrated shear stress at the location of flexural-crack initiation and propagation across the width 

of the column. Consequently, the tearing of the beam and corbel FRP-spiral commenced at their 

connection to the U-shaped sheet upon reaching a loading of 5500 N. The tensile fracture of the FRP-

spiral sheets, caused by the portion of the moment in the corbel at the connection, transpired at the 

ultimate FRP capacity of ɛu = 0.0155, aligning closely with 95% conformity to the equilibrium and 

compatibility equations. Despite the debonding of the U-shaped sheet occurring at ɛ = 0.001, the 

adherence of the FRP-spiral sheets to the beam could postpone the connection failure up to ɛu = 0.002. 

Consequently, at ɛu = 0.002, the U-shaped sheet abruptly separated as the connection reached only 1/7 

of the ultimate capacity of the FRP. To validate the observed debonding load, the debonding stress 

of the U-shaped sheet, calculated from equilibrium and compatibility equations, was compared to 

the modified Holzenkampfer formula [40], Eq. (1), resulting in an agreement of up to 98%.  

f ctm b b f f f
f,deb f,max 1 b b,max f, deb f,max b b,max b,max

f f b,max b,max 2 ctm

E f l l E n t
f =f =c for l ; f =f (2- ) for l ; l =

n t l l c f
 l l  (1) 

where fctm represents the tensile strength of concrete, and Ef denotes the module of elasticity of the 

fibers. lb, lb,max, tf, and nf refer to the bond length, effective bond length, thickness, and the number of 

FRP layers, respectively. c1 and c2 are equal to 0.64 and 2, respectively [32]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2024                   doi:10.20944/preprints202401.0405.v1

https://doi.org/10.20944/preprints202401.0405.v1


 7 

 

 

Figure 6. PC-2 specimen: (a) separation of U-shaped FRP sheets around the column and tearing of 

spiral FRP of beam and corbel, and (b) moment-rotation capacity curve. 

3.4. Specimen 4: PC-3 archetype  

To prevent the debonding of the layers affixed to the concrete surface during loading, a highly 

efficient mechanical anchor was applied to secure the U-shaped FRP sheets onto the column. This 

anchoring mechanism played a crucial role in enhancing the adhesion and preventing separation 

during the testing of the PC-3 specimen (Figure 7). This was facilitated by the generation of 

compressive stress on the sheet's surface, augmenting the shear-friction resistance of the boundary 

layer across the column's width. Unlike the PC-2 sample, where the beam and corbel spiral 

experienced tearing, the PC-3 sample did not undergo significant tensile force on the beam and corbel 

spiral. This absence of force was attributed to the U-shaped sheet's adhesion to the column and its 

adequate rigidity, allowing for moment transferring. Ultimately, the rupture of the concrete near the 

U-shaped sheet, the longitudinal reinforcement, and the upper cover of the beam led to the 

connection's failure under a 19500 N load. For a visual representation of the failure mechanism in PC-

3 in comparison to other archetypes, refer to Figure 8. 

In this case, the separation of the U-shaped sheet occurred at ɛu=0.0053, where 34% of the FRP's 

ultimate capacity. The delay in the separation of the U-shaped sheet attached to the column, owing 

to appropriate mechanical anchorage, extended from ɛu = 0.001 to beyond ɛu = 0.0053. This extension 

corresponds to a range from ɛu = 0.002 to ɛu = 0.0053 for the U-shaped sheet affixed to the beam. The 

observed debonding strain of the U-shaped sheet aligns closely with the ultimate strain suggested by 

Sharif [41] (ɛu =0.005) and Arya and Farmer [42] (ɛu =0.006), corresponding to 95% and 84% of their 

strain, respectively. Additionally, the ultimate strain of the FRP sheet was aligned with up to 72% 

agreement with the values obtained from the ACI 440 [43] for beams, as follows: 
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Figure 7. PC-3 specimen: (a) FRP debonding at the end of the U-shaped sheet, (b) moment-rotation 

capacity curve, and (c) failure mechanism. 

 

Figure 8. Comparison of moment-rotation capacity curves among FC, PC-1, PC-2, and PC-3 

archetypes. 

4. Numerical modeling and analysis  

4.1. Simulation of archetypes  

The ANSYS software was employed for the three-dimensional modeling and analysis of 

reinforced concrete connections, as shown in Figure 9(a). Concrete materials were simulated using 

Octahedral elements, specifically Solid65 elements. These elements implemented the Wiliam-Warnek 

five-parameter failure criterion, considering compression failure and tension cracking. To prevent 

concrete failure modes in compression and tension, significantly impacting connection strength, the 

following assumptions were made: A 25% of shear resistance was assumed for concrete cracks 

opening under tension, whereas 99% of shear capacity for closed cracks occurring in concrete under 

compression. Steel elements were modeled using the Link element, while the FRP sheets were 

simulated by the Solid46 element. Considering previous investigations and the observed negligible 

effects of the reinforcement sliding in the connection, identical deformation was considered for both 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2024                   doi:10.20944/preprints202401.0405.v1

https://doi.org/10.20944/preprints202401.0405.v1


 9 

 

concrete and steel bars. However, the opening in the precast connection filled with both grout and 

adhesive was integrated and modeled as a unified entity.  

Loadings were applied to multiple joints near the ends of the beam and column head to conduct 

nonlinear analyses. Precise boundary conditions were established within the finite element model to 

incorporate the interaction of all involved components during loading effectively. Accordingly, 

degrees of freedom along the x and z directions were constrained on the upper end of the column, 

while all three degrees of freedom for displacement at the lower end were restricted. As illustrated 

in Figure 9(b), the experimental results obtained from the tested specimen were utilized to validate 

the modeling. Once the accuracy of these basic models was confirmed, subsequent archetypes, in 

addition to the ones tested in the laboratory, including … archetypes, were modeled and analyzed 

using the software. Various parameters were measured during the analysis and comparison among 

different archetypes, including the rotation-moment curve, stress in concrete at specific steps, strain 

in tensile longitudinal reinforcements and FRP sheets, crack distribution, ultimate capacity, etc. 

(Figure 9(c)). 

 

Figure 9. Modeling and analysis of FC and PC archetypes: (a) three-dimensional simulation, (b) 

schematic of analysis results, and (c) verification of numerical modeling. 

4.2. Analysis of illustrative examples 

Based on failure theory and the experimental findings, the most effective solution for flexural 

reinforcement is utilizing U-shaped FRP sheets. Therefore, a set of precast connections, resembling 

the PC-3 configuration, were modeled employing U-shaped sheets with varying lengths and widths. 

These archetypes were denoted as PC-4 to PC-93, as listed in Table 3, consisting of 8 layers of U-

shaped FRP sheets, arranged, and fastened around both the beam and column. As shown in Figure 

10(a), three bond lengths (Lx) were considered: (1) 400 mm, covering the entire connection length; (2) 

300 mm, similar to the PC-3 specimen; and (3) 200 mm, representing half of the connection length in 

the beam (the maximum required bond length for the sheet). Furthermore, to evaluate the influence 

of the U-shaped sheet's width (Wx) on the connection's capacity, the effects of three widths including 

50 mm, 130 mm, and 200 mm were examined. Given that the entire width of the U-shaped sheet is 

under tension, a width of 50 mm (above the neutral axis), matching the laboratory specimen, was 

chosen to maximize its tensile capacity. With a width of 130 mm, the FRP reinforcement was extended 
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below the neutral axis to accommodate positive moments induced by actual reciprocal earthquake 

loading. To cover the entire width of the beam a width of 200 mm was selected. This decision was 

based on the absence of chamfers at the corner of the beam, allowing for the entire beam width to be 

utilized for reinforcement. 

Across PC-4 to PC-12 archetypes (Figures 10(b) and 10(c)), wider U-shaped sheets resulted in 

reduced tensile stress and strain. Tearing did not occur in any sample. In these samples, the widening 

of U-shaped sheets resulted in reduced tensile stress and strain, with no tearing observed. For 

instance, in the PC-4 connection, the FRP strain reached approximately 60% of its ultimate strain at 

0.0091 during the yield tensile of beam rebars. Additionally, increasing the sheet width from 50 mm 

in PC-4 to 130 mm in PC-5 and 200 mm in PC-6 enhanced the moment capacity corresponding to the 

yield stress of rebars from 25 kN.m to 25.65 kN.m and 28.5 kN.m, respectively. Therefore, widening 

the FRP sheets covered the neutral axis of the cross-section of the beam, and enhanced the moment 

strength of the connection by increasing their contribution to both the concrete's compressive capacity 

and the beam's tensile rebar. 

 

Figure 10. Specifications of U-shaped FRP sheet with (a) different dimensions. (b) distribution of 

cracks in connections and stress in FRPs, (c) Moment rotation curves of the archetypes. 

Connections PC-13 to PC-21 were similar to PC-4 to PC-12 archetypes in geometry and U-shaped 

sheet reinforcement. However, two layers were surrounded at the U-shaped sheet's end (Figure 

11(a)). This full-wrap  FRP was added to potentially improve crack development and stress 

distribution. Results revealed a 10% strain reduction in the U-shaped sheet due to the full-warp 

sheets. For instance, PC-19 exhibited approximately 10% less strain under the same loading in its U-

shaped sheet than PC-10 (Figure 11(a)). As the U-shaped sheet width increased, the effectiveness of 

the added FRPs in reducing strain and stress weakened. This effect became less prominent in wider 

sheets, such as PC-15, PC-18, and PC-21, where the width reached 200 mm. The increased U-shaped 

sheet width resulted in reduced shear stress transmission by the full-wrap sheets, as illustrated in 

Figure 11(a). For cases with 200 mm wide U-shaped sheets, such as PC-21 and PC-12, which exhibited 

similar strains of 0.0104, there was minimal strain reduction. Moreover, wider U-shaped sheets 
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displayed lower tensile stress in the end spiral. At the same load, PC-21 with a 200 mm wide U-

shaped sheet experienced a 49% reduction in tensile stress compared to PC-19 with a 50 mm wide U-

shaped sheet, decreasing from 271.33 MPa to 138.69 MPa. This reduction in the effect of the end wrap 

in shear stress transfer is responsible for the decline, as most shear stress is transferred by the U-

shaped sheet surface rather than the full wrap. Additionally, analysis results from PC-13 to PC-21 

indicated that these sheets could not significantly delay or increase the load transfer of the tensile 

reinforcement, affect the final anchor amount, or diminish crack propagation on the reinforcement's 

side. The curves obtained from these archetypes closely resembled those without the end full-wrap 

sheet. 

Connections PC-22 to PC-30 mirror connections PC-13 to PC-21 but include additional side 

sheets to reinforce the U-shaped sheet (as depicted in Figure 11(b)). These side sheets are typically 

incorporated at the beam's end of the U-shaped sheet to prevent FRP separation and the crack's 

propagation. However, the analysis results of these connections revealed that the side sheets did not 

reduce the tensile stress in the U-shaped sheet (Table 3). Instead, they caused an increase in tensile 

stress in the beam's side plates compared to the full spiral configuration. For instance, the tensile 

stress in the side sheets of PC-28 was 30% higher than PC-19 (Figure 11(a)). This heightened stress 

concentration at the end of the beam's side sheets led to FRP debonding, which requires proper 

mechanical restraint to prevent. Moreover, with increased U-shaped sheet width, the tensile stress in 

the side sheets decreased. At the same load, the side sheet's tensile stress in sample PC-30 with a 200 

mm wide U-shaped sheet showed a 68% reduction compared to sample PC-28 with a 50 mm wide 

U-shaped sheet (Figure 11(b)). This reduction resulted from the diminished effectiveness of the side 

sheets in shear stress distribution. The analysis results further demonstrated that the side sheets did 

not impact increasing or delaying the yield load of the tensile reinforcement, enhancing the final 

anchor, or reducing crack propagation on the reinforcement's yield side. The behavior of these 

samples closely matched those without the side sheets at the end of the U-shaped sheet. 

The two layers of U-shaped sheets are positioned below the beam of the PC-31 to PC-39 

connections  (Figure 11(b)). However, analysis revealed that these sheets did not reduce the tensile 

stress in the U-shaped sheet compared to the samples with a full wrap at the end (Table 3). The main 

difference was the heightened tensile stress in the final U-shaped sheet compared to the full spiral 

state. For instance, the tensile stress in the side plates of sample PC-36 was 30% higher than that of  

PC-19. Similarly, widening the U-shaped sheet led to decreased tensile stress in the final U-shaped 

sheet. The tensile stress of the sheet adjacent to the beam in sample PC-39 with a 200 mm wide U-

shaped sheet showed a 53% reduction compared to sample PC-36 with a 50 mm wide U-shaped sheet.  

The analysis of connections PC-40 to PC-57 was developed to assess the impact of wrapping the 

beam and corbel with U-shaped and side sheets. Notably, the strain in the U-shaped sheet of PC-46 

and PC-55 were reduced to 0.0092 and 0.0115, compared to PC-10 with 0.013, marking 44% and 12% 

reduction, respectively (Figure 11(c)). However, widening the U-shaped sheet decreased the 

effectiveness of the beam and corbel’s FRPs in reducing tensile stress. For example, the tensile stress 

of the side sheets in PC-57 with a 200 mm U-shaped sheet reached 352.27 MPa, while the stress was 

1427.0 MPa for PC-55 with a 50 mm wide U-shaped sheet. Furthermore, the analysis demonstrated 

that the surrounded beam and corbel with FRPs did not significantly increase the ultimate capacity, 

delay the yielding load of tensile reinforcement, or reduce crack propagation. The curves obtained 

from these archetypes closely resembled those without beam and corbel wrapping (Table 3), albeit 

with slightly increased connection stiffness. For instance, Figure 11(c) compares the moment rotation 

curves of PC-46 and PC-55 connections with those of   PC-10. 

Table 3. Dimensions of the U-shaped FRP (Lx and Wx), ultimate and normalized moment strength of 

the connection (Mu) and strain in FRP. 

Archetype 
Lx 

(mm) 

Wx 

(mm) 

Mu 

(kN.mm) 
Mu / Mu, FC ɛu(U-Shap) ɛ/ɛu 

FC(1) - - 24 1.00 - - 

PC-3(1) 300 50 19.5 0.81 - - 
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PC-4, PC-13, PC-22, PC-31 200 50 28.5 1.19 0.0111 0.72 

PC-5, PC-14, PC-23, PC-32 200 130 2 .95  1.21 0.0105 0.68 

PC-6, PC-15, PC-24, PC-33 200 200 29.2 1.22 0.0099 0.64 

PC-7, PC-16, PC-25, PC-34 300 50 31.2 1.30 0.0122 0.79 

PC-8, PC-17, PC-26, PC-35 300 130 32.3 1.35 0.0115 0.74 

PC-9, PC-18, PC-27, PC-36 300 200 32.5 1.35 0.0108 0.7 

PC-10, PC-19, PC-28, PC-37 400 50 34.1 1.42 0.0131 0.84 

PC-11, PC-20, PC-29, PC-38 400 130 35.0 1.46 0.0115 0.74 

PC-12, PC-21, PC-30, PC-39 400 200 35.4 1.47 0.0104 0.67 

PC-40(2) 200 50 29.7 1.24 0.0074 0.48 

PC-41(2) 200 130 29.4 1.23 0.0081 0.52 

PC-42(2) 200 200 29.5 1.23 0.0089 0.57 

PC-43(2) 300 50 32.2 1.34 0.0081 0.52 

PC-44(2) 300 130 32.7 1.37 0.0092 0.59 

PC-45(2) 300 200 32.8 1.37 0.0097 0.63 

PC-46(2) 400 50 35.1 1.46 0.0087 0.56 

PC-47(2) 400 130 35.7 1.49 0.0092 0.59 

PC-48(2) 400 200 35.9 1.50 0.0093 0.6 

PC-49(2) 200 50 29.6 1.23 0.0087 0.56 

PC-50(2) 200 130 29.4 1.23 0.0088 0.57 

PC-51(2) 200 200 29.3 1.22 0.0088 0.57 

PC-52(2) 300 50 3.21 0.13 0.0097 0.62 

PC-53(2) 300 130 32.7 1.36 0.0097 0.62 

PC-54(2) 300 200 32.7 1.36 0.0097 0.62 

PC-55(2) 400 50 35.0 0.15 0.0102 0.66 

PC-56(2) 400 130 35.6 1.48 0.0104 0.67 

PC-57(2) 400 200 35.8 1.49 0.0105 0.68 

PC-58(3) 200 50 29.3 1.23 0.0111 0.72 

PC-59(3) 200 130 29.8 1.25 0.0105 0.68 

PC-60(3) 200 200 30.1 1.26 0.0099 0.64 

PC-61(3) 300 50 32.1 1.34 0.0122 0.79 

PC-62(3) 300 130 33.3 1.39 0.0115 0.74 

PC-63(3) 300 200 33.4 1.39 0.0108 0.7 

PC-64(3) 400 50 35.1 1.46 0.0131 0.84 

PC-65(3) 400 130 36.0 1.50 0.0115 0.74 

PC-66(3) 400 200 36.4 1.51 0.0104 0.67 

PC-67(2,3), PC-76(2,3) 200 50 28.2 1.19 0.0107 0.69 

PC-68(2,3), PC-77(2,3) 200 130 27.5 1.15 0.0097 0.62 

PC-69(2,3), PC-78(2,3) 200 200 27.4 1.15 0.009 0.58 

PC-70(2,3), PC-79(2,3) 300 50 32.1 1.34 0.0122 0.79 

PC-71(2,3), PC-80(2,3) 300 130 31.3 1.31 0.0108 0.7 

PC-72(2,3), PC-81(2,3) 300 200 30.9 1.29 0.01 0.64 

PC-73(2,3), PC-82(2,3) 400 50 34.3 1.43 0.0128 0.82 

PC-74(2,3), PC-83(2,3) 400 130 36.6 1.53 0.0117 0.75 

PC-75(2,3), PC-84(2,3) 400 200 37.1 1.54 0.0106 0.68 

PC-85(2,3) 200 50 32.2 1.36 0.0122 0.79 

PC-86(2,3) 200 130 32.6 1.36 0.0115 0.74 

PC-87(2,3) 200 200 32.9 1.38 0.0108 0.7 

PC-88(2,3) 300 50 35.3 1.47 0.0134 0.93 

PC-89(2,3) 300 130 36.5 1.53 0.0126 0.81 

PC-90(2,3) 300 200 36.5 1.52 0.0118 0.76 

PC-91(2,3) 400 50 38.6 1.61 0.0144 0.93 

PC-92(2,3) 400 130 39.4 1.65 0.0126 0.81 

PC-93(2,3) 400 200 39.9 1.66 0.0114 0.74 
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(1) Experimental models. (2) Connections with FRP-wrapped corbels. (3) Connections with FRP-wrapped columns. 

 

Figure 11. Effects of (a) full-wrap and (b) 2- and 3-side wrap at the end of the U-shaped sheet and (c) 

wrapping on corbel location. 

As illustrated in Figure 12, PC-58 to PC-66 connections were simulated to incorporate the effects 

of the two layers with 1000 mm length on both sides of the column. Meanwhile, PC-67 to PC-75 

employed dual corbel spirals to reinforce the corbel's bending, and PC-76 to PC-84 featured a full-

wrap beam and column with two layers at specific locations. Lastly, through PC-85 to PC-93 

archetypes, the interaction effect of the corbel and column FRP wraps was investigated along with 

side longitudinal sheets, employing U-shaped sheets with varied dimensions. The analysis results 

revealed that the employed side sheets to the column did not alter the tensile stress within the U-

shaped sheet. For instance, in comparison to PC-19, the strain within the U-shaped sheet for PC-73, 

PC-82, and PC-93 were 0.0131, 0.0129, 0.0113 respectively, with corresponding tensile stresses of 

0.0117 (10% increase), 0.0117 (10% increase), and 0.0104 (8% increase). Additionally, wrapping the 

column did not influence the bending behavior of the connection, serving as a reinforcement only in 

specific cases of structural vulnerability. Moreover, to prevent the buckling of the FRP wrap of the 

corbel, it is advisable to employ any suitable external restraint. 
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Figure 12. Effects of confinement of the column along with wrapping (a) beam with U-shaped FRP, 

(b) corbel with 2-side sheets, (c) corbel with dual spirals, and (d) full-wrap beam and column. 

To explore the influence of longitudinal reinforcement ratio (ρ), as well as the type of layers of 

FRPs and concrete strength, three additional samples were examined. Results indicated that 

increased ρ in the beam amplified connection capacity, whereas reduced reinforcement lessened their 

strengths. Notably, the initial and secondary branches of the moment-rotation curve remained 

unaltered. For instance, the PC-4 was analyzed with equivalent beam reinforcement, and its moment-

rotation curve was plotted in Figure 13(a). Elevated concrete strength (Figure 13(b)) augmented 

connection stiffness across the initial and secondary stiffness of the push curve, albeit without 

substantial capacity increments. This rise in concrete strength effectively bolstered shear strength, 

delaying micro-cracks and debonding. Moreover, increased stiffness in FRP fibers (Figure 13(c)) 

corresponded to stiffer connections, while reduced fiber stiffness resulted in decreased stiffness. 

None of the samples exceeded the ultimate sheet strain at load, avoiding any tearing. Hence, reducing 

the number of layers was feasible in all archetypes, as long as separation or sheet buckling didn't 

occur until the ultimate strain. Furthermore, thinning the sheet lessened stress linearly concerning 

the resistant cross-sectional area (i.e., sheet thickness, as width remains constant). 

 

Figure 13. Moment-rotation curves of the PC-4 connection considering differences in (a) 

reinforcement ratios, (b) concrete strengths, (c) and modulus of elasticity of FRPs. 

5. Results: 

This paper delves into experimental and numerical investigations concerning precast concrete 

corbel beam-column connections strengthened by FRP sheets and external mechanical anchorage 
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plates. Comparative analyses are made between these connections and in-situ concrete fixed joints. 

The findings and key outcomes of this research are as follows: 

• Strengthening the PC-1 specimen's connection with L-shaped FRP sheets at the top and bottom 

minimally impacted the flexural capacity due to high shear-stress concentration. Similarly, 

relying solely on the spiral U-shaped FRP sheets without a mechanical anchorage for reinforcing 

the PC-2 connection did not result in significant bending capacity due to occurring debonding. 

With the incorporation of spiral sheets in PC-2, the debonding capacity of fibers improved by 

up to 100%, thereby extending the ultimate strain of the sheets from εu=0.001 to εu=0.002. 
• The PC-3 connection managed to enhance the moment capacity to 81% of a fixed connection's 

flexural capacity. In this specimen, the debonding phenomenon was effectively controlled by 

employing an anchoring system. The mechanical anchors notably amplified the ultimate 

separation capacity of FRP sheets by 530%. Consequently, the ultimate separation strain of the 

FRP sheets increased from 0.001 to over 0.0053, accounting for 34% of the ultimate tensile strain 

of FRP. 

• It was observed that the number and thickness of FRP layers influenced the ultimate debonding 

strain of FRP. Furthermore, the mechanical anchors over the U-shaped FRP sheet could postpone 

the reinforcement yielding. 

• The theoretical analysis based on experimental findings of the PC-3 archetype revealed the 

mobilization of 35% of the ultimate capacity of FRP, while simulation results demonstrated a 

41% contribution. This showcases a 6% difference between the numerical modeling and 

theoretical outcomes, affirming the accuracy of the numerical predictions. Moreover, the 

ultimate strain acquired from simulating the PC-3 corresponds to an 86% agreement with the 

strain derived from ACI-440 for simple beams. 

• The implementation of U-shaped FRP sheets in the tensile region resulted in a shift of the critical 

cross-section, which was originally at the beam’s end. This modification has the potential to 
convert the pinned connection into a fully fixed one. As a result, the connection’s flexural 
strength is significantly enhanced, surpassing that of the cast-in-place FC specimen by 

approximately 1.19 to 1.5 times. This improvement underscores the potential of U-shaped FRP 

sheets in bolstering the structural integrity of precast concrete connections. 

• The ultimate moment capacity of the connection is enhanced by increasing the bond length of 

the U-shaped sheet. This increase in bond length also elevates the tensile strength of the U-

shaped sheet at the edge of the connections, thereby boosting the bearing capacity of the 

connection. Similarly, expanding the width of the U-shaped sheet augments the resisting 

moment of the connection to a certain degree. This expansion in sheet width also escalates the 

tensile strength of the U-shaped sheet at the edge of the connections, resulting in an increased 

bearing capacity of the connection. 

• In neither of the archetypes did the FRP sheet strain reach beyond the ultimate strain at the peak 

load, thereby preventing any tearing. Consequently, there is potential to increase the number of 

sheet layers across all samples, if separation or buckling doesn't occur until the sheet's ultimate 

strain. Additionally, reducing the sheet thickness linearly decreased the stress within the sheet. 

• Full wrap or side sheets at the end of the U-shaped sheet showed minimal impact on reducing 

stress or enhancing the connection's load-bearing capacity. However, the spirals over the beam 

and corbel side sheets significantly reduced stress in the U-shaped sheet. In contrast, the effect 

of column-side FRP sheets and full wrap on the column or corbel displayed negligible impact 

on stress reduction or moment resistance in the connection. 

• Variations in longitudinal beam reinforcement ratios directly affect the connection's load-

bearing capacity, altering it upon increase or decrease. Concrete strength impacted stiffness 

more than rotational moment capacity, while increased FRP fiber elastic modulus enhanced 

connection stiffness. 

The study was limited to a few experimental tests focusing on specific reinforcements and FRP 

sheets under static loads. Further investigation across a broader range of variables is necessary to 

comprehensively analyze the effectiveness of these reinforcements, particularly those related to 

anchored U-shaped reinforcement. 
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