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Abstract
This study developsproposes a double cantilever beam test by using a specific fixture for measuring the representative critical energy release rate of rigid composite rodsany rod shape material. Carbon fiber reinforced epoxy composite rods wasere used for the evaluation. Finite element analysis applying Transverse tensile test was carried out for obtaining the maximum traction. Finite element analysis was conducted to estimate the relationship between crack length and compliance, and the shear modulus; Cohesive Zone Model was used to estimate the relationship between load and displacement. In addition,, and the crack shape. Cracks are considered to begin to propagate when the nonlinear-relation-start load is exceeded. Crack is also considered to progress during unloading. The crack shape was estimated to be curvilinear with a central tip that recedes outward. forTo verifying the effect of specimen width on the measurementn the representative critical energy release rate, the representative critical energy release rate was estimated and compared with reference to the crack length measured from, which was defined as the center or outer tip of the crack . The numerical results showed close value to that of experiment.  small variation because of the few differences in referenced delamination areas. This suggests that an effective representative critical energy release ratefracture energy can be measured with this specimen dimensionby the proposed method.
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1. Introduction
Steel cables and bars with high tensile strength have been used as reinforcement materials for concrete in conventional bridges and buildings. However, ferrous materials corrode galvanically due to ion permeation in concrete. Thus, carbon fiber (CF)–reinforced composite (CFRP) rods have been considered as an alternative due to being unsusceptible to galvanic corrosion. Many studies have investigated the strength, fracture strain, and elastic modulus of CFRP rods using longitudinal tensile tests [1-3]. These studies reported that the tensile strength and elastic modulus of CFRP rods are comparable to those of steel-based reinforcing materials. Additionally, the chemical stability of carbon fiber means CFRP rods also have superior tensile strength compared to composite rods reinforced with aramid, glass, and basalt fibers in air [4,5] and alkaline environments [6,7].
Ezzeldin et al. investigated the fracture process during tensile testing [3]. Their results showed that the CFRP rods exhibited longitudinal crack propagation between fibers before total failure. A similar fracture phenomenon was also reported by Damiani et al. [8]. However, these results deny the expectation of well-known mode Ⅰ crack propagation behavior, horizontal propagation. Therefore, it is necessary to consider and represent the longitudinal crack propagation behavior aiming for the damage tolerance analysis of macro structure using CFRP rods.
ThisOne of useful numerical approaches for representing crack propagation is means cracks may have propagated parallel to the rod axis before the final fracture. Thus, to clarify the fracture mechanism of CFRP rods, longitudinal crack propagation criteria must be shown. 
The cohesive zone model (CZM) has been used to predict the crack propagation behavior [9-14]. The CZM is a n analytical method used to represent the kinetic interaction of interface meshes during delamination following a traction–separation law. 
One of the traction–separation laws is the bilinear law, which is mainly expressed by fracture the critical energy release rate and maximum traction [12]. Papas et al. and Li et al. measured the maximum traction of laminated composites [15,16]. The representative  fracture energycritical energy release rate of basalt/thermoplastic composite rods was investigated in a previous study [17]. The  study evaluated the value as separation energy SEⅠC fracture energy byas representative critical energy release rate of an artificially introduced crack into rods by conducting a modified DCB test artificially introducing crack into rods and. The study also estimated the relation between crack length and cube root of compliance by beam theory. 
However, the verification of modified method seems to be insufficient for proving itsthe effectiveness of the method. Referring the case of laminates, ASTM D5528 and JIS K7086 recommend to make specimens with enough dimension of the width (20-25 mm). The dimension is thought to sustain the effect of plane stress, and to make stable crack shape, which enables to effectively assume straight crack shape. This assumption allows to evaluate the valid crack propagation area and critical energy release ratefracture energy. In the case of rods, however, the effect of plane stress possibly affect the calculation of the representative propagation area because of the short width of specimen, while the previous study did not study its geometry effect. In addition, the method fixing specimens to tensile testing machine by bending and grabbing cantilever beams as conducted in the previous study is not applicable for CFRP rods because of its high modulusrigidity. A new attachment method is required using fixtures, and verification of its effectiveness. Furthermore, the effect of its geometry on the evaluation of the fracture energy is also necessary to be elucidated. 
This study proposed a newly developed method evaluating the representative criticalfracture energy release rate  forfor rigidany rods.-shape specimens using specific fixtures. The energy release rate is measured by a modified double cantilever beam test using specific fixtures. For verifying the effectiveness of the proposed method, finite element analysis applying a geometry effect of fixtures on the fracture energy measurement, the relation between crack length and cube root of compliance was estimated by finite element analysis. CZM analysis was also conducted to estimate the  crack shape and to investigate short width effect effect of a rod on the measurement of the representative critical energy release rate specimen. 

2. Materials and Methods
2.1. Materials
Commercial single-wire CFCC rods (Tokyo Rope International Co., Ltd., Japan) were prepared as it used to make the CFRP rod samples. This material is produced by injection molding. Epoxy (EP) resin was used as the matrix. CFCC comprises two layers (CF and polyethylene (PE) fiber), which can affect longitudinal fracture and thus interfere with assessment of the maximum traction and fracture energy of the CFRP rod itself [18]. Therefore, the PE fiber layer was peeled off by hand. Finally, we obtained carbon fiber reinforced epoxy composite (CF/EP) rods as shown in Fig. 1. The diameter of the CFRP rods was 4.5 mm.


2.2. Testing method
Fig. 2 shows the appearance of a modified DCB test specimen and setting. A notch 40 mm long was machined in the center of the specimen using a diamond hole saw with 0.1 mm thickness. Three replicate specimens were prepared for each condition. In our previous study, the upper and lower beams of the DCB specimen were formed by hand bending [17]. However, the CFRP rods have a high longitudinal modulus and are brittle, which makes it difficult to bend and fix the samples to the tensile testing machine (EZ-LX, Shimadzu Co., Ltd., Japan). Thus, aluminum tabs were adhered to the top and bottom surfaces of the rod (Araldite RT30, Nichiban Co., Ltd., Japan). The crosshead was moved until a 4-mm displacement was reached; the crosshead was held for 5 min and then unloaded to 5 N. Afterward, loading→crosshead holding→unloading processes were repeated to increase the maximum displacement by 1 mm in each cycle. The crosshead displacement speed was 1 mm/min. Crack lengths were measured at a linear distance from the end of the rod with a digital microscope (VHX-6000, Keyence Co., Ltd., Japan) during holding. 
The longitudinal Young’s modulus, EL, was measured using a tensile testing method in a previous study [17, 19]. Steel pipes (diameter: 20 mm; length: 200 mm) were fixed on the top and bottom of a 500-mm long CFRP rod with an expansion agent (Bristar, Taiheiyo Materials Corporation Co, Japan). Three replicate specimens were prepared. Tensile tests were performed using a universal testing machine (AGX-V, Shimadzu Co., Ltd., Japan) with 1 mm/min crosshead speed. Strain was measured using an extensometer (TRViewX, Shimadzu Co., Ltd., Japan). EL was obtained from the slope of the linear section of the stress–strain curve and was calculated to be 154 ± 10 GPa.
Four replicate specimens were also prepared to measure the transverse tensile modulus ET (Fig. 3). Glass fiber–reinforced plastic (GFRP) jigs were glued on the top and bottom of the CFRP rods (3M™ Scotch-Weld™ Epoxy Adhesive DP460, 3M Co.). A marker and a 5-mm long strain gauge (KFGS-5-120-C1-11, Kyowa Electronic Instrument Co, Japan) were attached to measure the rod displacement. The load was applied with a tensile testing machine (EZ-LX, SHIMADZU Co., Ltd., Japan). The crosshead displacement speed was set at 1 mm/min.


2.3. The FEA model
A 3D one-half axi-symmetrical FEM model of the DCB specimen was created (Fig. 4) using ANSYS mechanical 2022 R1. The Z- and Y-axes were the load and rod length directions, respectively, and the direction of X-axis was orthogonal to that of the Z- and Y-axes. A 100-mm long rod with a radius of 4.5 mm was placed at the center of the model. Aluminum tabs directly bonded with the rod. Three different half tab’s length Lf models (3.75 mm, 7.5 mm, and 11.25 mm) were created to verify the effect of the jig dimensions on the estimation of the relation between crack length and cube root of compliance (Fig. 4(a)). The load was applied to the center line of the upper tab in the Z-direction as shown in Fig. 4(b). Remote displacement support was also fixed to the same line so that it does not move in the X and Y direction. The center line of the lower tab was fixed. Since a half-cut model was used, a frictionless support was provided in the X-direction of the cross section. A slit was placed as a notch at the center of the model to be parallel to the X–Y plane. Three different crack length (a) models were created (a=40 mm, 44 mm, and 48 mm) for estimating the relationship between crack length and cube root of compliance. The contact surfaces between double cantilever beams and between tabs were defined as frictionless (Fig.4(b)). The CZM adapted bilinear [11,21] to the interface elements in front of the notch. The augmented Lagrangian algorithm was also adapted to the area. In the bilinear CZM model, inter-laminar stiffness is automatically defined by the algorithm so that intrusion between both contact surfaces is minimized. Thereby, the relation between traction and interface displacement can be defined only by the maximum traction and fracture energy. These parameters were referred from the experimental results (Table 1). A four-node two-dimensional isoparametric element was used in the analysis. Refinement mesh control was adapted to the contact area between a rod and tabs. In addition, the mesh control was also applied to the front region of CZM in 10 mm length. Match control was conducted to the nodes of the contact area applying CZM. 

3. Results and Discussion
3.1. Transverse mechanical properties
Fig. 5 shows the observation image of the transverse tensile test specimen after the final failure. When the CFRP rod was finally detached, fibers still adhered to the upper and lower jigs. Fiber bridging was also observed.
 
The marker distance can be expressed by the following equation:
	,
	(1)


where Δurod, Δujig, and Δuadh are the displacements of the rod, jig, and adhesive, respectively. The thickness of the adhesive is considered negligibly small compared to the distance between the markers and the rod. Therefore, by dividing the displacement Δurod of the rod by its representative length (diameter D), the strain of the rod was calculated from the following equations: 
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Here, εjig represents the average value measured by the strain gauges attached to each surface of the GFRP jigs, and Ljig represents the length of the section between the markers, except that of the exposed portion of the rod (48 mm). Stress was calculated by dividing the applied load by the representative cross-sectional area (rod-center cross section) using the following equation:
	,
	(4)


where P is the load, and Lrod is the rod length (20 mm).
The relationship between stress and strain is shown in Fig. 6. The relationship was almost linear until the stress reached its maximum. Furthermore, cracks did not seem to propagate. Therefore, the apparent transverse modulus ET of the rod was determined by calculating the average slope of the stress–strain curve. ET was measured as 2.6 ± 0.2 GPa. Since delamination did not occur at the GFRP jigs and adhesive interface (Fig. 5), the maximum traction σnt,max of the rod was considered equal to the maximum stress, which was measured to be 16 ± 3 MPa.

3.2. The DCB test
3.2.1. Load–displacement relationship
Fig. 7(a) shows a typical load–displacement diagram obtained from the DCB test. The relation was nonlinear with increasing displacement. Fig. 7(b) shows the typical relation taken from the second and third cycle. In the begging, the load increased linearly with increasing displacement. However, above a certain load, it showed a nonlinear behavior (32 N).　Hereinafter, we call the load “nonlinear start load PNL”. The applied load decreased while the crosshead was held after the maximum displacement. Fig. 7(c) and 7(d) show the in-situ observation images at the crack tip. At point A (7.0 mm) in Fig. 7(b), the relationship between load and displacement is linear, but at point B (7.5 mm), the relationship is nonlinear due to the crack propagation. The crack also had a little inclination to the longitudinal central axis, which may cause over-estimation of the representative fracture energy (Fig. 7(d)). Despite the ductile deformation, the maximum load actually started to show rapid increase when displacement exceeded 9 mm. This is why, hereafter, the load-displacement relation was measured until the displacement reaches 9 mm.


3.2.2. Relationship between crack length and compliance
The relationship between the crack length a and the cube root of compliance C1/3 is shown in Fig. 8 with hollow circle plots. C is calculated from the slope of the linear section of the load–displacement curve. The results showed a linear relationship, which can be expressed by the least square method:
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3.2.3 Separation energy SEⅠC

In general, the small ET of the rods may cause large deformation during the DCB tests. Therefore, previous studies have defined SEⅠC as the apparent critical energy release rate [17, 22]. SEⅠC will be equal to the critical energy release rate if no large deformation occurs. SEⅠC is expressed by the following Equation [17]:
	,
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where a is the crack length, and A1 [×10-3/(m2N)1/3] and A0 [(m/N)1/3] are the experimental constants (A1 = 1.0, A0 = 0.012) obtained from Equation (5). PNL is the nonlinear relation start load. Thus, SEⅠC was calculated to be 1.7 ± 0.5 kJ/m2.

3.3. Numerical analysis
3.3.1. Estimation of shear modulus G
Fig. 9 presents the results of the relationship between load and displacement by linear FEA. The material properties are shown in Table 1. The relation showed linear at each crack length conditions. Thereby, compliance was calculated from the slope of the relation.

As a result, the relation between crack length and cube root of compliance was obtained as shown with square plots in Fig. 8. The relation was also estimated by the following equations derived from beam theory (single dotted line in Fig. 8) as conducted in the previous study [17,20]:
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where d is the rod diameter, and G is the shear modulus. These estimations showed close inclination. However, the predicted compliance from beam theory was apparently higher than that from FEA over the crack length. For verifying this reason, geometry effects of tabs were investigated by creating models with different tab length (Lf). The estimated relations between crack length and cube root of compliance were presented with solid circle, square and rhombic plots in Fig. 8. Decrease of Lf represented closer relation to that predicted from beam theory. Consequently, the reason of the higher compliance of beam theory seems to derive from the ignorance of the tabs geometry, particularly the distribution of the tensile loading along the longitudinal rod axis. Therefore, it is necessary to consider real geometry for obtaining the correct relation. In the previous studies [17], shear modulus was estimated by fitting the relation between crack length and compliance. By following this method, shear modulus was estimated to be 0.4 GPa by FEA. Consequently, the relation can be obtained by the least square method:
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3.3.2. Prediction of crack propagation behavior
Crack propagation behavior was investigated by CZM. The traction–separation law was assumed to be bilinear [11,21]. Table 1 shows the CZM parameters used in the analysis. The maximum traction σnt,max was obtained from the transverse tensile tests. SEIC was obtained from the DCB tests. 
Fig. 10(a) presents a relation between load-displacement curve and crack propagation behavior under the monotonic tensile loading. The relation became nonlinear with increasing displacement. Fig 10(b) and (c) depict normal tensile stress distribution at point A (12N) and B (23 N) respectively. In previous study, crack tip geometry was successfully predicted by referring the distribution [23]. Thereby, this study also predicted the crack geometry as well. In Fig. 10(b), high normal stress areas (red color) were found not only at the front but also at the rear region as indicated with arrows “X”. It seems that some area still bonds. In Fig. 10(c), however, only one high stress area was found as indicated with an arrow. These contours suggest that the formation of crack front geometry totally finished when the applied load reaches PNL. 
Fig. 11(a) and (b) describe the load-displacement curve under loading and unloading test of 34 N unload Punload model. The relation showed nonlinear after the load reached 16 N. In unloading, the nonlinear relation was also found. In reloading, PNL is apparently higher than that of the first cycle (16 N). This reason seems to be due to the unstable initial crack shape (slit shape). Fig. 11(c) and (d) presents the crack tip positions in loading and reloading at the Punload. These figures apparently shows crack propagation. Considering Punload is smaller than PNL of reloading, crack propagation should not occur during reloading. Actually, the relation between load and displacement in reloading showed linear until the load reached Punload. Consequently, the crack seems to propagate during the first loading and unloading, and causes a nonlinear load-displacement relation. In other words, the initial crack shape (slit) is thought to cause premature start of crack propagation as shown in Fig. 10(b). This is why it is necessary to refer the load-displacement relation in reloading for evaluating SEⅠC. As a result, we obtained PNL as described in Table 2.

[bookmark: _Hlk149238984]3.3.3. Short width effect of rods on evaluating SEIC  
According to ASTM D5528, the width of specimen is recommended to be 20-25 mm for providing stable stress distribution near the crack tip. However, in this study, the dimension is only 4.5 mm. This geometry possibly causes the large dispersion of measured critical energy release rate affected by the plane stress field near the surface. To elucidate this effect, the crack geometry was predicted by CZM.
[bookmark: _Hlk149242270]Fig. 12 presents normal tensile stress distribution around the crack tip at PNL of reloading with reference to Punload. These contours show curves where crack front projects in center as the leading edge and recedes to the outside. The reason of the crack geometry seems to be due to the dominant in-plane strain field near the center. Front (center) and rear (outside) crack edge lines varied within 0.5 mm. Consequently, we obtained some range of the propagated crack length a’ as described in Table2. Substituting PNL and a’ in Table 2 and Eq. (11) into Eq. (6) provided SEⅠC (1.79±0.08 kJ/m2: Front line; 1.84±0.09 kJ/m2: Back line). These values were apparently close to the experimental results. In addition, the variation of SEⅠC in the crack front positions is no more than 3%. Therefore, it is thought that the proposed testing method is effective for measuring the representative fracture energy of the rod shape materials. The previous evaluation method limited the materials that can be fixed to those with low elastic modulus and ease of bending [17]. Hence, the method proposed in this study will encourage to measure SEIC of any composite material in rod materials shape.

4. Conclusion

This study newly measured proposed the evaluation method of the apparent fracture energy critical energy release rate (defined as separation energy SEIC  in this study), for aof rigid composite rod (carbon fiber-reinforced epoxy composites) for rod geometry by double cantilever beam test using a testspecific fixture corresponding to the curved geometry of the rod. Finite element analysis applying CZM analysis was also conducted for verifying effectiveness of the measured SEIC . used to estimate the relationship between crack length and compliance, and shear modulus; CZM analysis was used to represent the relationship between load and displacement, and to predict the shape by referring normal tensile stress distribution near the crack tip. Based on the estimation of the crack shapes, the effect of specimen width on SE I C measurements was verified.
The double cantilever beam test showed that the relationship between crack length and compliance can be expressed as a linear approximation. From this relationship, SEIC was determined to be 1.7 kJ/m2. 
The shear modulus estimation based on beam theory conducted in previous studies is not considered valid for this test. Therefore, finite element analysis was performed and the shear modulus was estimated to be 0.4 GPa.
The CZM analysis estimated SEIC , showed that cracks started to propagate when the nonlinear start load, PNL, was exceeded, as in the experiment. Cracks were also considered to propagate during unloading. The crack shape was estimated from the normal stress distribution and was considered to be a curvilinear with the center of the crack as the leading edge and receding toward the outside. The reason for the central protrusion of the crack seems to be the dominance of the in-plane strain field. SEIC was calculated by referring to the crack length considering the effect of the small width of a rod causing curved geometry of the central or outer location of the crack tip. The numerical results . As a result, showed not only close value to that of experiment but also the variation of SEIC was smallless than 3% dispersion of SEIC. This suggests the effectiveness of proposed method in this study. that it is possible to measure the valid SEIC of a composite rod even at this specimen width.
The SEIC measurement method proposed in the previous study directly applied load by grabbing the specimen in jigs on a tensile testing machine. This configuration limited the materials that can be fixed to those with low elastic modulus and ease of bending. However, by using the proposed measurement method, it is considered possible to measure SEIC of any material in rod shape.
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	Fig. 1 Cross-sectional image of the CFCC sample
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	(a) Dimension of specimen
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	(b) Appearance of test setting

	Fig. 2 Test setting of modified DCB test
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	(a) Dimension
	(b) Appearance of test setting

	Fig. 3 Transverse tensile test setting
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	Fig. 4 The FEM material model (a) front view (b) back view




	[image: ]

	Fig. 5 Digital microscope surface image of the transverse tensile test specimen after fracture 
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	Fig. 6 Stress–strain curve of the transverse tensile test
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	Fig. 7 Typical relationship between the load–displacement curve and crack propagation: (a) Load–displacement curve of all cycles. (b) Load–displacement curve of second and third cycles. (c) In-situ observation image taken at Point A (7.0 mm). (d) In-situ observation image taken at Point B (7.5 mm) 
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	Fig. 8 Relationship between crack length and cube root of compliance
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	Fig. 9 Relationship between load and displacement estimated by linear finite element analysis



Table 1 Mechanical properties of the FEA
	CFCC rod
	EX [GPa]
	154

	
	EY, EZ[GPa]
	2.6

	
	GXY ,GYZ ,GXZ [GPa]
	0.4

	
	νX, νY, νZ [GPa]
	0.3

	
	σnt,max [MPa]
	16

	
	GⅠC　[kJ/m2]
	1.7

	Al tab
	E [GPa]
	71

	
	ν [GPa]
	0.33
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	Fig. 10 Relationship between load–displacement curve and crack propagation behavior under monotonic tension predicted by FEA applying CZM (a) Load-displacement curve (b) Normal tensile stress distribution at point A (12 N) (c) Normal tensile stress distribution at point B (23 N)
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	Fig. 11 Relationship between cyclic load–displacement curve and crack propagation behavior predicted by FEA applying CZM (a) Load-displacement curve (b) Magnified image of the load-displacement curve around the Punload. (c) Crack propagation behavior around Punload in the first cycle (c) Crack propagation behavior around Punload in the second cycle


Table 2 Properties obtained by FEA to calculate SEⅠC
	
	Punload [N]

	
	31
	34
	36

	PNL [N]
	36
	37
	37

	Propagated crack length a' [mm]
	41.5-42.0
	42.0-42.5
	42.8-43.3
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	Fig. 12  Normal tensile stress distribution at PNL of each cycle of Punload (a) 31 N (b) 34 N (c) 36 N 
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