A review of available equations for predicting crack width of flexural GFRP reinforced concrete structures
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ABSTRACT: The prediction of crack width in glass fiber reinforced polymer (GFRP) reinforced concrete members is influenced by many factors, such as the spacing of the reinforcement, rebar tensile stress, concrete cover and bond dependent coefficient (), which depend on the surface type. This paper presented different crack width equations in code provisions. An experimental database of 60 beams selected from the literature and used for a statistical analysis on the bond dependent coefficient. The results presented in this paper indicate that the bond-dependent coefficient derived from the ACI 440.1R-15 crack width equation shows the highest standard deviation.
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Introduction
The application of glass fiber reinforced polymer (GFRP) rebar instead of steel rebar in reinforced concrete (RC) structures has been increasing due to their noncorrosive behavior. Due to the high tensile strength and low modulus of elasticity of GFRP rebars, designs are often controlled by deflection and crack control at the serviceability limits [1].
One of the serviceability requirements in structural concrete elements is crack width prediction. The development of cracks in RC members is expected under service loads because of the low tensile strength of concrete. Control of cracking is important for obtaining acceptable appearance and for long-term durability of concrete structures, especially those subjected to aggressive environments. The ductility, stiffness, capacity, and energy absorption of RC structures can all be affected by cracking. Thus, building codes and scientific organizations are increasingly interested in controlling cracks.
Many studies in the literature have predicted the crack width of a flexural member based on theoretical models and experimental data. This paper presents a study to investigate several equations suggested by different code provisions for the calculation of the crack width in GFRP reinforced concrete flexural members. Additionally, the crack width database available in the published literature was used to check the reliability of the bond-dependent coefficient.
Crack wIDTH Equations
The design standards were not available for FRP-RC members until 2001. The first crack prediction guide published in 2001 by ACI included a modified version of the Gergely Lutz equation with a correction coefficient designed to capture the bond behavior of FRP rebars [2]. The modified Gergely Lutz equation for FRP is as follows [3]:
		(1)
In Eq. (1),  is the modulus of elasticity of the rebar,  is ratio of distance from neutral axis to extreme tension fiber to distance from neutral axis to center of tensile rebars, is thickness of concrete cover that is measured from the extreme tension fiber to the center of rebar and A is the effective area of surrounding concrete divided by the number of rebars. In addition, the value of is experimentally determined, but in the absence of data, will be equal to 1.2 for sand-coated or deformed rebar. The stresses in the reinforcement at the specified load, , are that for the reinforcement layer closest to the extreme tension fibre.
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Figure 1. Crack width calculation parameters [4].
A modified Gergely Lutz equation [2], widely used for steel reinforced concrete members, can be used in the ISIS Canada Manual [4] to calculate crack widths for FRP-RC members. These modifications have been developed for a certain type of FRP rebars, and therefore, their use is limited. However, the code-based equation, originally developed by Gergely and Lutz [2], reported unconservative results instead of all available experimental data for steel-RC members. Moreover, the Gergely Lutz equation includes the most important parameters, such as the concrete cover, the effective area of concrete in tension, the stress in the flexural rebars, the number of rebars and the strain gradient from the level of the rebars to the tension face. The ISIS Manual recommended a  value of 1.2 in the absence of significant test data to estimate crack width.
In 2006, the Canadian Highway Bridge Design Code, CHBDC (CSA/S6-06 2006) and ACI 440.1R-06 (ACI Committee 440 2006) adopted the Frosch [5] equation (Eq. (2)) for FRP-RC with the addition of the bond quality coefficient, , to account for the bond between the FRP and surrounding concrete. This equation is adopted by ACI 440.1R-15 [6] to determine the influence of the reinforcement spacing (s).
		(2)
[bookmark: _Hlk109374670]Based on experimental data for FRP rebars having bond behaviour similar to uncoated steel rebars, the bond coefficient is assumed to be equal to 1.0. Moreover, for FRP rebars with bond behavior inferior to steel,  is greater than 1.0, and for FRP rebars with bond behavior superior to steel, is less than 1.0. It is worth mentioning that the value of is experimentally determined, but in the absence of data, the values of 0.8 and 1.0 are applied to  of the sand-coated and deformed FRP rebars, respectively.
The Eurocode2 (2001) adopted Eq. (3) to predict the flexural crack width.
	- 	(3)
where c is the concrete cover (mm); is the cracking moment (); and is the applied moment ().
The crack width, w, can be determined according to JSCE [7] by Eq. (4) and modified to Eq. (5) to consider the concrete cover to the center of the rebar.
		(4)
		(5)
It can be concluded that the crack width of RC elements is primarily affected by the tensile strain of the rebar, the concrete cover, the spacing between reinforcement and the bond behaviour between concrete and rebar.
bOND COEFFICIENT ADJUSTED TO THE EXPERIMENTAL DATABASE
[bookmark: _Hlk109374366]An aspect of FRP RC structures that needs further exploration is how concrete and reinforcement bonds influence crack width. In this section, a bond coefficient ) is adjusted to the experimental maximum crack width of a total of 60 different beam tests in the literature (Table 1). Table 2 lists the four surfaces of GFRP rebars used in these beams.
Table 1. Database summary
	References
	Number of the beams

	Shang [8]
	7

	Abdelkarima et al. [9]
	7

	El-Nemr et al. [10]
	14

	Ballet [11]
El-Nemr et al. [12]
McCallum [13]
Kassem et al. [14]

Total
	16
6
6
4

60



Table 2. Database rebar surfaces
	Rebar surfaces
	Number of the beams

	Sand coated
	31

	Ribbed
	18

	Grooved
	6

	Helically Wrapped
	5



The bond coefficient is calculated at the assumed service moment value of 0.3Mult. ISIS Canada, ACI 440.1R-15, Eurocode2, and JSCE formulations are used for this goal. Their corresponding equations can be rearranged to find .

Figure 2. Bond-dependent coefficient corresponding to the code equations
Referring to Figure 2, the bond-dependent coefficient derived from ACI 440.1R-15 has the highest standard deviation among code provisions. Using the modified JSCE crack width equation, the bond coefficient factor produces the lowest standard deviation regardless of surface type.
cONCLUSION
This paper presents a comparative study on the crack width of flexural RC structures. The following conclusions can be made from this investigation:
- The tensile stress in the GFRP rebar is the main parameter influencing flexural crack width. Controlling rebar strain is the most efficient way to decrease the crack width. The concrete cover, rebar diameter, surface type and reinforcement distribution in the tension zone are also factors that influence crack width.
- The ISIS Canada crack width equation does not take reinforcement spacing into account.
- Bond coefficient factor found by the modified JSCE gives the lowest value of the standard deviation from the statistical analysis.
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