Required input for the program BEAM BUSTER consists of stress–strain curves for each element analyzed in the cross section. Therefore, it was necessary to define a family of stress–strain curves for different strength concretes and to select an appropriate curve for the prestressing strand.

Stress–Strain Curves for Concrete
Since the calculations for ductility are very sensitive to the assumed shape of the stress–strain curves, it was necessary to establish a family of curves that realistically represent the properties of high-strength concrete. Several researchers have experimentally determined the complete stress-strain curves of concrete for strengths up to about 100 MPa (14,500 psi).(18,19) The measurements have indicated that the following occur with increasing strength:

· The initial slope of the stress–strain curve increases.

· The ascending portion of the stress–strain curve is more linear.

· The strain at peak stress increases.

· The slope of the descending portion of the curve increases.

The slope of the ascending portion of the stress–strain curve is the modulus of elasticity of the concrete. Several equations have been proposed that relate the modulus of elasticity, Ec, to the concrete compressive strength, f'c, and the unit weight of the concrete, wc, including:

	ACI 318: (20)
	
	(1)


	Martinez: (21)
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	Canadian Code: (22)
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	Ahmad: (19)
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Values of modulus of elasticity calculated according to the above equations are tabulated in table 11.

	Table 11. Calculated values of modulus of elasticity. 

	Compressive Strength (MPa)
	Unit Weight (kg/m3)
	Equation

	
	
	ACI (19)
	Martinez (20)
	CanadianCode (21)
	Ahmad (18)

	
	
	(GPa)
	(GPa)
	(GPa)
	(GPa)

	28
	2320
	25.1
	24.3
	24.5
	25.8

	41
	2370
	31.7
	29.2
	29.0
	31.0

	55
	2420
	37.8
	33.5
	33.9
	35.9

	69
	2480
	43.9
	38.1
	38.5
	39.1

	83
	2500
	48.5
	41.4
	41.8
	44.3

	(psi)
	(lb/ft3)
	(106 psi)
	(106 psi)
	(106 psi)
	(106 psi)

	4,000
	145
	3.64
	3.53
	3.55
	3.75

	6,000
	148
	4.60
	4.23
	4.21
	4.50

	8,000
	151
	5.48
	4.86
	4.92
	5.20

	10,000
	155
	6.37
	5.53
	5.59
	5.97

	12,000
	156
	7.04
	6.01
	6.07
	6.43


The ACI equation was based on an analysis for concrete strengths up to about 41 MPa (6,000 psi).(20, 23) Several investigators have indicated that the ACI equation tends to overestimate the modulus of elasticity for the higher-strength concretes.(1, 13, 19) The Martinez equation was developed as an alternative for the ACI equation and gives lower values of modulus of elasticity at the higher strength levels. (21) Some publications have indicated that the Martinez equation may underestimate the modulus of elasticity at the very high strength levels. (19) The Canadian Code equation was based on the Martinez equation with some rounding off for use in SI units and then converted back into English units. The rounding off results in slightly different calculated values. The Ahmad equation was based on a statistical analysis of data. Modulus values from the Ahmad equation lie between those of the ACI and the Martinez equations. For the present investigation, it was decided to use the ACI values for concrete strengths of 28 and 41 MPa (4,000 and 6,000 psi, respectively) and to use the values by the Ahmad equation for concrete strengths of 55, 69, and 83 MPa (8,000, 10,000, and 12,000 psi, respectively).

Collins et al. have indicated that the strain at peak stress, [image: image4.png]


'c , can be calculated from the following equation: (24)
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where
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	in MPa units
	(6)


	[image: image7.png]n=0.8+_L
2500




	in psi units
	(7)


These equations were used in the present analyses to calculate the strain at peak stress from the modulus of elasticity and concrete compressive strength.

Several investigators have published algebraic expressions to accurately describe the shape of the rising and descending branch of the stress-strain curve. The following expression was proposed by Popovics: (25)
	[image: image8.png]Sl
W

x
T
i

B
—_
o |

it




	(8)


where fc = stress at a strain of [image: image9.png]


c.

Thorenfeldt proposed a modification to Popovic's equation to increase the slope of the descending portion of the stress-strain curve. (26) He introduced a factor, k, to modify the equation as follows:
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where k = 1 on the ascending portion of the curve, and k is greater than 1 for the descending portion of the curve. Collins has suggested the following for the descending portion of the curve.( 24) 
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	in MPa units 
	(10)
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	in psi units
	(11)


stress–strain curves generated using the above approach are shown in figure 17.
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Figure 17. stress–strain curves for concrete used in BEAM BUSTER analysis.
To provide some tensile capacity to the concrete prior to cracking, the stress–strain curves developed in compression were extrapolated backwards using the following assumptions:

· The slope of the curve in tension is the same as that in compression near the origin.

· A maximum tensile stress, ft, calculated by the following equation, was used: (19)
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