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Abstract

:

The results of an experimental investigation carried out on steel splices bonded by (Carbon-Fiber–Reinforced Polymers) C-FRPs are presented in this paper. The main aim of the study is to examine the influence of different parameters on the type of failure and on the ductility of splices. Different configurations of the specimens were considered, including butt and lapped joints using different arrangements for end anchorage of the bonded C-FRP laminas, such as (i) external bonding; and (ii) anchored jacketing with C-FRP sheets transversally wrapped to the longitudinal axis of the joints. The results in terms of failure modes and response curves are described and discussed, highlighting the potentiality of these types of bonded connections for metal structures. In particular, experimental results showed that (i) the failure modes exhibited by both butt and lapped wrapped splices were substantially similar; (ii) the wrapped anchoring is beneficial in order to achieve large deformations prior to failure, thus allowing a satisfactory ductility, even though a more timely installation process is necessary.
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1. Introduction


Historic metallic structures represent a significant portion of the architectural and cultural heritage in most European countries. The majority of these constructions is still in service and is exposed to service actions that are larger than was expected [1]. The reliability and the structural performance of this category of constructions are also affected by age-related and environmentally-induced deterioration and the low mechanical performance of the constituting materials. Outcomes from the European research project “Sustainable Bridges” [2] showed that aged steels do not usually fulfill the requirements of EN 10025 [3] for standardized materials. Thus, there is an urgent need to verify the compliance of historic steel structures with current standards and to assess their residual lifetime.



The traditional strengthening method for steel structures is to cut and replace steel plates or to attach additional plates to existing members. However, these techniques do not preserve the structure from deterioration, since steel plates are prone to corrosion and fatigue [4].



The use of composite materials is a very promising and increasingly economic method for strengthening steel structures [4,5,6,7,8]. In particular, the application of externally bonded Carbon-Fiber–Reinforced Polymer (C-FRP) plates [4,5,6,9]. This technique allows the increase of both the strength and buckling capacity of steel members and also the fatigue-life extension [5,6,10] and crack-patching [11,12].



The effectiveness and reliability of this strengthening/repairing method is mainly guaranteed by the anchorage of the fibers, which typically fails before the plates achieve their tensile capacity. Therefore, the debonding of FRP from the steel elements must first be addressed in order to obtain a fully composite action. The first critical aspect is to clarify the bond-slip characteristics of FRP-plated steel members, which are mainly influenced by the bonding length and the adhesive layer behavior.



In particular, the adhesive is the weakest link in C-FRP-to-steel bonded joints [4,11,12]. To analyze the adhesive characteristics and to investigate the type of failure of CFRP-bonded joints, many authors have performed a series of experimental tests.



Zhao et al. [4] discussed the main research activity on FRP-strengthened steel structures, and illustrated the progress on the bond between the steel and FRP, the strengthening of steel hollow section members, and the fatigue crack propagation in the FRP-steel system.



Xia et al. [13] studied the behavior of the epoxy layer by performing some pull-out tests in which the FRP-to-steel interface is subjected to direct shear. A bond-slip model was also performed, and the main adhesive characteristics were discussed.



Yong-xin et al. [14] performed some bonding tests on CFRP-strengthened steel elements varying the type of adhesive, and then they studied the durability of the chosen type of adhesive. An aging model of the bond behavior of C-FRP-to-steel in a man-made seawater environment has been also proposed.



Nowadays, existing standard [15,16] and purely empirical procedures [4,5,6,7,8,9,10,11,12,13,14,17] mislead the derivation of the bond-slip characteristics because of the difficulty in measuring the strain distributions and capacities in the small region where debonding occurs.



The present paper describes the results of an experimental study aimed at investigating the influence of different bonding lengths on both the type of failure mode of the joint and the ductility of the failure process.



This work is part of an extensive experimental activity devoted to determining the main characteristics of CFRP-strengthened steel elements, in order to design and test C-FRP strengthening on riveted connections, which represent the main typology of joint for historic metal structures [1].



The paper is organized as follows: in Section 2 the experimental program is illustrated, in Section 3 the main experimental results are described, and in Section 4 the main conclusions are drafted.




2. Experimental Program


2.1. Investigated Parameters and Experimental Program


A total of 30 bonding tests were prepared, as summarized in the program matrix reported in Table 1. The investigated parameters are explained as follows:

	(1)

	
Bonding length: This parameter may noticeably affect the failure load [18]. Therefore, different strip lengths were examined in order to verify the effectiveness of the strengthening in accordance with Italian code provisions [15], in particular 150 mm, 200 mm (value recommended by the Italian code [15]) and 250 mm.




	(2)

	
Wrapping sheet: The effects of the anchored jacketing by wrapping composite sheets were analysed considering, alternatively, 100 mm and 150 mm widths of wrapping sheets.




	(3)

	
Load eccentricity: Both butt and lapped plates were considered in order to analyse the effects of secondary bending moments induced by load eccentricity on adhesive deformation and strength.









The geometries of the investigated connections are shown in Table 2. Specimens were labeled as C-B-W, where:

	
C is the splice configuration (e.g., B: Butt; U: Unsymmetrical lapped);



	
B is the bonding length (e.g., 150, 200, 250 mm);



	
W is the wrapping depth (e.g., 100, 150 mm);








Three nominally identical samples were built up for every type of specimen.
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Table 1. Experimental program matrix.







Table 1. Experimental program matrix.







	
Specimen Tag

	
Butt

	
Unsymmetrical

	
B (mm)

	
W (mm)

	
Test No.




	
Unwrapped






	
B150

	
√

	

	
150

	

	
3 (a, b, c)




	
B200

	
√

	

	
200

	

	
3 (a, b, c)




	
B250

	
√

	

	
250

	

	
3 (a, b, c)




	
U-B150

	

	
√

	
150

	

	
3 (a, b, c)




	
U-B200

	

	
√

	
200

	

	
3 (a, b, c)




	
U-B250

	

	
√

	
250

	

	
3 (a, b, c)




	
Wrapped




	
B150W100

	
√

	

	
150

	
100

	
3 (a, b, c)




	
B150W150

	
√

	

	
150

	
150

	
3 (a, b, c)




	
U-B150W100

	

	
√

	
150

	
100

	
3 (a, b, c)




	
U-B150W150

	

	
√

	
150

	
150

	
3 (a, b, c)




	

	

	

	

	

	
Total test 30








Note: B: bonding length; W: wrapping depth.
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Table 2. Geometry of specimens.







Table 2. Geometry of specimens.







	

	
Butt

	
Lapped






	
Unwrapped
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Wrapped
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2.2. Experimental Set-Up and Monitored Parameters


The experimental setup is shown in Figure 1a. In particular, a universal electro-mechanical Zwick/Roell testing machine (see Figure 1b) was used to carry out tests. The specimens were loaded in tension under displacement control until failure, i.e., after the load decreased.



The maximum load reached and the types of failure modes were observed for each test. The relative in-plane displacement of tested specimens was measured by means of a couple of LVDTs (Linear Variable Differential Transformer), which were characterized by a displacement range of ±150 mm and positioned on both ends of the C-FRP lamina (Figure 1c,d). The displacement rate was fixed at 0.1 mm/s and an acquisition frequency of 10 Hz was assumed [1].
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Figure 1. Test setup (a); the testing machine (b); the layout of LVDTs (c,d). 
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The parameters that have been monitored and post-processed for the tests are illustrated in Figure 2a for C-FRP-bonded splice joints without wrapping and in Figure 2b for the wrapped specimens, where the symbols are explained as follows:

	-

	
δ = (δLVDT1 + δLVDT2)/2: Average displacement (being δLVDTi the displacement recorded by the ith LVDT);




	-

	
Fy: Conventional elastic strength determined according to European recommendations for testing steel elements developed by European Convention for Constructional Steelwork (ECCS), i.e., ECCS-45 [19]. In particular, this approach requires the following steps: (1) evaluating the tangent line at the origin of the force-displacement, it gives a slope equal to αy (see Figure 2b); (2) locating a tangent line tilt of αy/10 on the experimental response (see Figure 2b); (3) the intersection of the two tangents defines the level of Fy;




	-

	
Fu: Ultimate strength, which is the maximum recorded average load;




	-

	
δy: Slip corresponding to Fy;




	-

	
δu: Displacement corresponding to a load equal to Fy on the post-peak branch of the response curve




	-

	
μ = δu/δy: Displacement capacity.
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Figure 2. Monitored mechanical parameters [20]: without wrapping (a); with wrapping (b). 






Figure 2. Monitored mechanical parameters [20]: without wrapping (a); with wrapping (b).
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In particular, it should be noted that the displacement δy corresponding to Fy and the displacement capacity μ were monitored to provide an estimate of the equivalent ductility of the splices. These parameters were solely extracted for specimens with wrapping because these splices were able to provide a large displacement capacity. Conversely, as shown hereinafter, the specimens without wrapping showed a very brittle behavior.





3. Experimental Results


3.1. Unwrapped Specimens


Test results in terms of both failure modes and experimental response curves are summarized in Figure 3, Figure 4 and Figure 5. Three basic types of failure modes were observed: (a) adhesive layer failure (Figure 3a,b); (b) C-FRP and adhesive interface failure (Figure 3c,d); (c) C-FRP delamination, namely the separation of some carbon fibers from the resin matrix (Figure 3e,f). In some cases a mixed mechanism made of adhesive layer failure and C-FRP delamination occurred. A similar performance (namely failure mode and force-displacement response) was observed for both butt and lapped specimens without wrapping.
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Figure 3. Failure modes of C-FRP bonded splice joints without wrapping [20]. 
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Figure 4. Experimental response curves of C-FRP bonded splice joints without wrapping [20]. 
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Figure 5. Failure modes of C-FRP bonded splice joints with wrapping [20]. 
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Tests showed that the debonding started at the gap area between the steel plates. With the strength of steel plates larger than the strength of the composite strips, we also consider the type of adhesive layer and the stiffness of composite laminas. In the tests presented in this paper, the steel plates behave elastically and the axial stiffness of the laminas is lesser than those of the steel plates. These aspects might have induced the brittle response of splices, which can be observed in the force-displacement response curves depicted in Figure 4. From these plots it can be noted that all butt splices showed an initial stiffness larger than the rigidity exhibited by lapped configurations. This result is ascribable to the different lengths of the two sets of specimens, with the lapped splices being longer than the butt specimens in order to allow gripping the plates in the test machine. In addition, the presence of secondary bending effects was another source of deformability.



Table 3 summarizes the geometrical and mechanical parameters monitored during each test. In particular, Table 4 reports the measured thickness of the adhesive layer, considering that this parameter could have considerable effect on the bond behavior. In the present study it was found that in all cases with a thicker adhesive layer, the failure mode was mainly characterized by C-FRP delamination, thus being consistent with the results in the literature [21,22].
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Table 3. Specimen details and test results for C-FRP-bonded splice joints without wrapping [20].
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Specimen

	
ta * (mm)

	
Fu (kN)

	
Failure Mechanism




	

	
Mean

	
SD

	
CV

	
Test Value

	
Mean

	
SD

	
CV

	






	
B150 a

	
0.49

	
0.09

	
0.18

	
70.37

	
71.00

	
0.77

	
0.01

	
Delamination




	
B150 b

	
0.56

	
0.08

	
0.14

	
71.86

	
Delamination




	
B150 c

	
0.54

	
0.11

	
0.21

	
70.76

	
Delamination




	
B200 a

	
0.41

	
0.08

	
0.19

	
73.22

	
73.78

	
0.67

	
0.01

	
C-FRP to adhesive interface + Delamination




	
B200 b

	
0.40

	
0.09

	
0.22

	
74.53

	
Adhesive/Delamination




	
B200 c

	
0.41

	
0.10

	
0.24

	
73.60

	
Adhesive/Delamination




	
B250 a

	
0.38

	
0.07

	
0.18

	
76.59

	
74.71

	
1.80

	
0.02

	
Adhesive/Delamination




	
B250 b

	
0.39

	
0.09

	
0.23

	
73.01

	
Adhesive/Delamination




	
B250 c

	
0.41

	
0.09

	
0.22

	
74.53

	
C-FRP to adhesive interface




	
L150 a

	
0.38

	
0.09

	
0.24

	
63.03

	
63.08

	
0.09

	
0.00

	
Adhesive/Delamination




	
L150 b

	
0.36

	
0.08

	
0.22

	
63.18

	
Adhesive/Delamination




	
L150 c

	
0.39

	
0.11

	
0.28

	
63.01

	
Adhesive/Delamination




	
L200 a

	
0.40

	
0.08

	
0.20

	
60.61

	
63.15

	
2.26

	
0.04

	
C-FRP to adhesive interface




	
L200 b

	
0.38

	
0.09

	
0.24

	
63.89

	
C-FRP to adhesive interface




	
L200 c

	
0.37

	
0.10

	
0.27

	
64.94

	
C-FRP to adhesive interface + Adhesive/Delamination




	
L250 a

	
0.41

	
0.07

	
0.17

	
63.89

	
67.18

	
3.05

	
0.05

	
C-FRP to adhesive interface




	
L250 b

	
0.39

	
0.09

	
0.23

	
69.91

	
Adhesive/Delamination




	
L250 c

	
0.39

	
0.09

	
0.23

	
67.73

	
Adhesive/Delamination








* ta is the thickness of the adhesive layer measured at 10 sections equally spaced along the axis of the splice. SD = Standard Deviation, CV = Coefficient of Variation.
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Table 4. Specimen details and test results for C-FRP-bonded splice joints with wrapping [20].
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Specimen

	
ta * (mm)

	
Fy (kN)

	
Fu (kN)

	
μ = δu/δy

	
      F  y , w r a p p e d      F  u , s i m p l e   b o n d e d       

	
      F  u , w r a p p e d      F  u , s i m p l e   b o n d e d       




	

	
Mean

	
SD

	
CV

	
Test Value

	
Mean

	
SD

	
CV

	
Test Value

	
Mean

	
SD

	
CV

	
Test Value

	
Mean

	
SD

	
CV

	
(-)

	
(-)






	
B150

W100 a

	
0.38

	
0.09

	
0.23

	
76.60

	
77.32

	
1.15

	
0.01

	
84.49

	
81.62

	
2.62

	
0.03

	
6.12

	
3.83

	
2.42

	
0.63

	
1.09

	
1.15




	
B150

W100 b

	
0.35

	
0.10

	
0.28

	
78.36

	
79.36

	
1.29




	
B150

W100 c

	
0.37

	
0.11

	
0.30

	
77.00

	
81.01

	
4.07




	
B150

W150 a

	
0.39

	
0.08

	
0.20

	
78.20

	
77.78

	
1.32

	
0.02

	
91.96

	
93.92

	
1.70

	
0.02

	
6.38

	
5.68

	
1.23

	
0.22

	
1.10

	
1.32




	
B150

W150 b

	
0.38

	
0.10

	
0.26

	
76.34

	
94.75

	
4.26




	
B150

W150 c

	
0.36

	
0.10

	
0.28

	
78.80

	
95.05

	
6.41




	
L150

W100 a

	
0.37

	
0.10

	
0.27

	
80.08

	
78.29

	
1.33

	
0.03

	
85.60

	
83.97

	
1.59

	
0.02

	
4.64

	
4.92

	
0.43

	
0.09

	
1.24

	
1.33




	
L150

W100 b

	
0.41

	
0.09

	
0.21

	
76.02

	
83.90

	
5.42




	
L150

W100 c

	
0.36

	
0.12

	
0.34

	
78.78

	
82.42

	
4.71




	
L150

W150 a

	
0.38

	
0.09

	
0.23

	
78.76

	
78.85

	
1.71

	
0.01

	
104.95

	
107.85

	
3.41

	
0.03

	
8.26

	
7.61

	
1.18

	
0.15

	
1.25

	
1.71




	
L150

W150 b

	
0.40

	
0.10

	
0.25

	
78.20

	
107.00

	
6.25




	
L150

W150 c

	
0.39

	
0.11

	
0.28

	
79.60

	
111.60

	
8.33








* ta is the thickness of the adhesive layer measured at 10 sections equally spaced along the axis of the splice. SD = Standard Deviation, CV = Coefficient of Variation.







As far as the shear strength (Fu), for both butt and lapped splices with 150 mm of bonding length, no appreciable differences can be recognized; the only effect of the lapped configuration was a mean reduction in the peak strength of about 11.2%. Also, for the longer bonding length a similar strength reduction was observed (e.g., 14.4% for 200 mm and 10.1% for 250 mm). Furthermore, longer lapped joints showed a post-peak response different from those experienced by the butt specimens. Indeed, comparing Figure 4c,e to Figure 4d,f, it is possible to observe a post-peak displacement capacity without a sharp softening for the lapped splices. This feature was due to the non-contemporary failure of the bonded C-FRP strips at both sides of the specimen. Such a response depended on the presence of the secondary bending moment due to the load eccentricity, which led to an increase in the applied force on one side of the cover bonded strip and a reduction on the opposite side. Experimental tests showed that the ultimate loads did not vary with the bonded length of the splice in the range of 150 mm–250 mm. This result implies that the effective bonding length is smaller than the length of the tested splices. Indeed, once the bond strength is achieved due to the full development of the bonding law, increasing the bonded length beyond this threshold does not provide a strength increase, although some improvement in terms of ductility can be recognized [20].




3.2. Wrapped Specimens


The experimental tests showed that the overall failure modes were very similar for both butt and lapped wrapped specimens. In particular, the failure modes were characterized by a sequence of nonlinear events. The former which experimentally observed was the adhesive failure, causing the initiation of slipping between the C-FRP strips and the steel elements (see Figure 5a,b). Once this phenomenon occurred, the interactions between the wrapped jacketing and the laminas allowed transferring the applied load from the steel plates to the C-FRP laminas by friction/adhesion. Increasing the applied displacements of the sliding actions of the C-FRP laminas within the wrapped jacket caused bending of the fibers, constituting the wrapped fabric in the transverse direction of the jacket (Figure 5c). During this behavioral phase, some specimens showed a secondary failure mode characterized by the unwrapping of the fabrics (Figure 5d), which impaired the joint capacity which dropped sharply. For all specimens the failure occurred when the jacketed anchorage was not able to restrain the C-FRP slip, thus resulting in large in-plane displacements due to the separation of the steel plates (see Figure 5e for both lapped and butt splices).



The experimental evidence indicated that the presence of wrapped jacketing at the anchorage allowed an improvement of performance, as is recognizable comparing Figure 6 to Figure 4. Indeed, all wrapped specimens exhibited a relatively large displacement capacity, which is substantially different from the brittle response of simply bonded splices. Indeed, the anchorage by wrapping allowed us to achieve higher C-FRP deformations prior to failure, delaying/preventing premature delamination. This result confirms the advantages of using wrapped fabrics to anchor bonded C-FRP strips, which has been previously demonstrated for applications on reinforced concrete structures [20]. The force-displacement response curves of all wrapped specimens were characterized by a saw-teeth profile. In this regard, it is interesting to highlight that during the tests, sudden slips with cracks in the resin of the wrapped anchorage were observed at each peak of the saw-teeth profile of the response curves. This feature can be explained by considering that the fibers of the fabric restrain the laminas and each sudden drop of resistance corresponds to the bonding failure of each one.



Table 4 summarizes the measured values of the conventional elastic and ultimate forces, and the displacement capacity μ = δu/δy is reported per test. As it can be noted, all wrapped specimens showed an ultimate strength larger than that experienced by the corresponding bonded specimens. The beneficial effect of the wrapped anchorage was largely observed for lapped splices with a jacketing width equal to 150 mm, which reached a mean ultimate strength larger than 70% of the strength of the unwrapped specimens. It should be noted that all specimens with a jacketing width equal to 150 mm showed an increase of ultimate strength significantly larger than those developed by specimens with 100 mm of jacketing width, as it can be easily observed comparing Figure 6a,b to Figure 6c,d, respectively.
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Figure 6. Experimental response curves of C-FRP bonded splice joints with wrapping [20]. 
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4. Conclusions


The tests were carried out on both butt and lapped joint configurations using different arrangements for the end anchorage of the bonded composites, such as (i) external bonding and (ii) anchored jacketing with C-FRP sheets transversally wrapped to the longitudinal axis of the joints.



The results and discussions presented allow us to draft the following remarks:

	
The failure modes exhibited by both butt and lapped bonded splices were similar, characterized by a non-ductile response with a clear post-peak softening behaviour. The lapped specimens experienced a peak strength lesser than those of butt splices of about 11.2%.



	
Tests on unwrapped bonded splices showed that the ultimate bonding strength is practically insensitive to the bonding length of the strips in the range of 150 mm–250 mm. Hence, the limit of 200 mm proposed by the Italian code [15] is conservative.



	
Tests of wrapped splices highlighted the beneficial role of anchoring externally bonded FRP laminas in order to achieve larger deformations prior to failure, even though a more timely installation process is necessary.



	
The anchorage with wrapped C-FRP fabrics modified the post-elastic response of the splices by providing a pseudo-ductile behaviour, thus allowing a non-negligible ductility.



	
Similarly to the bonded specimens, the failure modes exhibited by both butt and lapped wrapped splices were substantially similar. As a consequence, it was not possible to observe a strict dependence of the failure mechanism on the splice geometry.
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