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Fig. 2. Test data supplied by manufacturers (28 curves).
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Fig. 3. Test results obtained by authors (28 curves).
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Table 1. Power formula constants for various steel types.

Steel type Soy Fou® A B C D
0.90% 887 27613 1124 7.360
270 ksi strand
0.85 756 27244 117.3 6.598
0.90 384 27616 119.7 6.430
250 ksi strand
0.85 689 27311 126.7 5.305
0.90 435 28565 125.1 6.351
250 ksi wire
0.85 734 28266 132.5 5.256
0.90 403 28597 133.1 5.463
235 ksi wire
0.85 682 28318 141.0 4,612
0.85 467 28533 225.2 4.991
150 ksi bar
0.80 629 28371 239.3 4.224

* ASTM minimum specification.
t Proposed curve; E = 28,500 ksi (196,508 MPa).

with those developed by the authors. The only exception is
one curve exhibiting unusually high stresses. Otherwise, the
band of stress range is relatively narrow, indicating a high
degree of confidence in accurately predicting stresses. Fig. 4
also shows the statistical lower bound with a 99 percent
confidence level."! This level statistically assures that with a
chosen probability of 0.95, all test data lie above the lower
bound value.

PROPOSED PREDICTION
FORMULA CONSTANTS

A simplified form of Eq. (1) is:
B

{1 + (Ceps)D}”D

fps=8ps A+ Sfpu (2)

The constants A, B, C and D for the proposed 270 ksi low-
relaxation formula were found to be equal to 887, 27613,
112.4 and 7.360, respectively. These constants were ob-
tained by fitting the power formula to the lower bound curve
of Fig. 5. The following constraints were imposed: stress at
1 percent strain equal to 243 ksi (1676 MPa) and maximum
stress equal to 270 ksi (1862 MPa).

The procedure outlined in Appendix B shows how to de-
termine the power formula constants to accurately predict
the stress-strain relationship for any given experimental
curve. These constants, along with constants for other steel
grades which were earlier developed by Skogman et al.,' are
given in Table 1. It should be noted that the large number of
significant digits presented here is advisable to be used be-
cause the values of f,; are sensitive to these constants.

Table 2 represents the stress at various strain levels for
each steel shown in Table 1. Table 2 could thus be conve-
niently used as a design aid for designers who do not wish
to substitute their parameters into the power formula.

CALCULATION EXAMPLE

Required:

Calculate the steel stress at ultimate flexure f, for the
hollow-core section 4HC8 shown in Fig. 6 using Eq. (2) and
compare the results with those of Table 2.

Given:
Concrete: f. = 5000 psi (34.5 MPa)
Prestressing steel: Use six % in. (12.7 mm) diameter Grade
270 ksi (1862 MPa), low-relaxation strands
Ay =0918 in.? (592 mm?)
Effective prestress f;, = 162 ksi (1117 MPa)

Solution:
Using the iterative strain compatibility method, such as

Table 2. Tendon steel stress-strain relationship (strain is in in./in.; stress is in ksi).

Steel 270 ksi strand 250 ksi strand 250 ksi wire 235 ksi wire 150 ksi bar
type S oy B pu Loy Fpu S oy B pu Foy Fpu Fpy Fpu

Eps 0.9 0.85 0.9 0.85 0.9 0.85 0.9 0.85 0.85 0.80
0.0000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0070 1954 189.2 187.8 181.3 192.0 184.5 184.9 176.4 127.5 120.0
0.0080 217.0 207.9 205.5 195.9 208.3 197.9 198.0 187.5 129.1 121.9
0.0090 232.8 221.1 217.5 205.9 2188 206.8 206.4 194.8 130.2 123.2
0.0100 243.0 229.5 225.0 2125 225.0 2125 211.5 199.7 130.9 124.2
0.0125 254.1 239.0 232.9 220.8 231.7 219.8 217.5 206.3 132.4 126.2
0.0150 258.3 242.8 235.7 224.6 2342 223.3 220.0 209.7 133.7 127.9
0.0175 261.0 245.2 237.1 227.0 235.7 225.7 221.5 212.1 134.9 129.5
0.0200 263.3 247.3 238.3 229.0 236.9 227.8 222.7 214.1 136.0 131.1
0.0225 265.6 249.2 239.3 2309 238.1 229.7 223.8 216.0 137.2 1327
0.0250 267.8 251.1 240.3 232.7 239.2 231.6 2249 217.8 138.4 134.3
0.0275 270.0 253.0 241.3 2345 2403 233.5 2259 219.5 139.5 135.9
0.0300 270.0 254.9 2422 236.2 241.4 235.3 226.9 221.2 140.7 137.4
0.0350 270.0 258.7 244.2 239.7 243.6 239.0 229.0 224.7 143.1 140.6
0.0400 270.0 262.5 246.1 243.1 245.7 242.7 231.0 228.1 145.4 1437
0.0450 270.0 266.3 248.0 246.6 2479 246.4 233.0 231.5 147.7 146.9
0.0500 270.0 270.0 250.0 250.0 250.0 | 250.0 235.0 2350 150.0 150.0

Note: 1 ksi = 6.895 MPa.
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Fig. 6. Precast concrete hollow-core slab for calculation
example.

that given in Ref. 1, €ps = 0.017. Details are not shown here
for brevity.

1. Using Eq. (2), substitute the value of €,, and the constants
A, B, C and D from Table 1 that represent low-relaxation
strand:

27,613

<270
fi+ 12.4(0.017))7'36"}” 7360

Jps =0.017 887 +

= 260.5 ksi (1796 MPa)
2. Interpolating values from Table 2, f,; = 260.6 ksi
(1797 MPa).

CONCLUSIONS

Examination of Fig. 5 reveals the following observations:

1. The proposed curve is extremely close to the experi-
mental lower bound curve. Yet, it satisfies the current
ASTM A-416 minimums.

2. The proposed curve will give higher stresses than that
of Skogman et al. It also gives higher stresses than the PCI
Design Handbook formula for strains in excess of about 2
percent, which is common in double tees and hollow-core
slabs.

3. ASTM minimums are considerably lower than the ex-
perimental lower bound values.
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APPENDIX A — NOTATION

fps = stress in prestressed reinforcement at ultimate flexure
Fou
by

specified tensile strength of prestressing tendons

specified yield strength of prestressing tendons

E,K,Q,R/A, B, C, D = constants used in power formula

€,; = strain in prestressed tendon reinforcement at ultimate
flexure
€,, = ultimate strain in prestressing tendon

APPENDIX B —
PROCEDURE TO DETERMINE POWER FORMULA CONSTANTS

For the convenience of readers, the procedure to calculate
the power formula constants for prestressing steel is out-
lined here. The basic procedure is taken from Ref. 3. This
procedure can be used for any type of prestressing steel. The

- procedure is also helpful to readers who wish to derive their
own power formula constants to fit a given experimental
curve. Fig. B shows the given experimental stress-strain
curve for prestressing steel. It is required to represent this
curve with the power formula.

1. Determine the modulus of elasticity of the steel, E,
which is given by the slope of the first linear part of the
curve.

2. Produce the two linear parts of the stress-strain curve
until they meet. If the upper portion of the curve is not a
straight line, use the closest straight line. The stress corre-

sponding to the point of intersection is f,. If the complete
curve is not available, a reasonable value of f, = 1.04 (f,)
can be assumed in the case of seven-wire strand.

3. Calculate the constant C using the relation: C = E/f,,

4. Determine the constant A which is given by:

A=E( fpu —f:vo ]
spuE_f:vo

5. Calculate the constant B from the equation:

B=(E-A)

6. Finally, the constant D is determined solving the power
formula with the stress equal to f,, at strain equal to €,, =
0.01. This is a trial and error procedure.

r_-
f /"""
* / T tan” A
/
&
. f
2 pu
& fpy
)
tan'E
Epy = 0.01 € pu
Strain Eps

Fig. B. Typical stress-strain curve for prestressing steel represented by Eq. (2).
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