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4.0 ANALYSIS OF SHEAR CAPACITY FOR VINTAGE RC
GIRDERS AND BENT CAPS

Five different analysis methods were used to the predict shear capacity of the RC girders and
bent caps with vintage reinforcing details. These included: traditional ACI approach (AASHTO
Standard Specification 2002), Response 2000™ (Bentz 2000), Modified Compression Field
Theory (MCFT) (AASHTO-LRFD 2003), Strut-and-Tie Method (STM) (AASHTO-LRFD 2003),
and the finite element method. Each of these methods is described below, and comparisons of
predicted shear capacity were made with experimental results. Based on experimental results of
low-cycle fatigue tests, deterioration effects can be incorporated into the analysis.

41 ACIMETHOD

The most common method for computing the shear strength of CRC elements consists of the
superposition of the concrete and stirrup contributions to shear resistance (AASHTO 2002):

V, =V, +V, (4-1)
V, =2,/f';b,d (4-2)
v, = Ay (4-3)

S

where V,, is the nominal shear resistance, V. is the shear resistance of the concrete (lbs), Vy is the
shear resistance of the transverse steel (Ibs), . is the compressive strength of the concrete (psi),
by, is the width of the beam stem (in), A, is the area of the transverse steel (in?), fy is the yield
strength of the transverse steel (psi), d is the effective depth (in), and s is the spacing of the
transverse steel (in).

A more detailed equation for the concrete contribution to shear based on empirical fit for shear
test results for beams without shear reinforcement (AASHTO 2002) is:

\Kﬂud )b, d < (3.5, f',)b,d (4-4)

V, = (1.9,/f', +2500p

where p is the reinforcement ratio, V, is the factored shear at the design section, and M, is the
factored moment at the design section.

Shear capacity for the experimental beams was determined using actual concrete strengths and
rebar yield stresses. Results are summarized in Table 4.1 and shown in Figs. 4.1a and 4.1b. As
seen in these figures, the ACI approaches provided a reasonably simple method to estimate shear
capacity of the large CRC beams with at least minimum stirrups (as defined by the specification).
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Table 4.1: ACI

predicted shear capacities for laboratory specimens

ACI1 ACI 2 Vaee/Vaci

No. | Specimen | V2 | Stem 14yl 34 15| Ve TV va T v TV

(kips) [f'c (psi) ratio (kip) c total Po u c total
(kip) | (kip) M. | (kip) | (kip) | 1 2
1 |1T6 206.5 | 4700 | 43.4| 3.0 | 6 |147.6] 83.3 | 230.9 ] 0.0154 | 0.477 | 90.3 | 237.9 | NA | NA
2 |1ITe 236.0 | 4775 |453| 29 | 6 |154.0| 87.6 | 241.7 | 0.0148 | 0.508 | 95.1 | 249.2| NA | NA
3 |1T18 169.8 | 4925 [43.4| 3.0 | 18 | 49.2 | 85.3 | 134.5] 0.0154 | 0.477 | 922 | 141.4 | 1.26 | 1.20
4 |1T18 158.8 | 4550 |45.3| 2.9 | 18 | 51.3 | 85.6 | 136.9 | 0.0148 | 0.508 | 93.2 | 1445 | 1.16 | 1.10
5 |2T10 205.3 | 3550 | 43.4| 3.0 | 10 | 88.5| 72.4 | 160.9 | 0.0154 | 0.477 | 79.9 | 168.5 | 1.28 | 1.22
6 [21T10 205.3 | 3290 | 453 | 29 | 10 | 924 | 72.8 | 165.2] 0.0148 | 0.508 | 81.0 | 173.4 | NA | NA
7 |2T12 192.9 | 3520 |43.4| 3.0 | 12 | 73.8 | 72.1 | 1459 ] 0.0154 | 0.477 | 79.7 | 153.4 | 1.32 | 1.26
8 |21T12 183.8 | 3575 [45.3| 2.9 | 12 | 77.0 | 75.8 | 152.8 | 0.0148 | 0.508 | 83.9 | 160.9 | NA | NA
9 [3T12 188.7 | 3990 |43.4| 3.0 | 12 | 73.8 | 76.8 | 150.5 | 0.0154 | 0.477 | 84.1 | 157.9 | 1.25 | 1.20
10 [31T12 207.5| 4180 | 453 | 26 | 12 | 77.0 | 82.0 | 159.0 | 0.0148 | 0.604 | 92.0 | 169.1 | 1.30 | 1.23
11 |3T18 153.3 | 3970 [ 43.4| 3.0 | 18 | 49.2 | 76.6 | 125.8 | 0.0154 | 0.477 | 83.9 | 133.1 | 1.22 | 1.15
12 |3IT18 147.1 | 3915 [ 453 | 2.6 | 18 | 51.3 | 79.4 | 130.7 | 0.0148 | 0.604 | 89.5 | 140.9 | 1.13 | 1.04
13 [4IT6-10 216.5 | 3790 [ 453 | 29 | 10 | 924 | 78.1 | 170.5] 0.0148 | 0.508 | 86.1 | 178.5] NA | NA
14 |4IT8-12 2429 | 3710 | 453 | 26 | 10 | 924 | 77.3 | 169.7 | 0.0148 | 0.604 | 87.5 | 179.9 | 1.43 | 1.35
15 |4T10-12 2444 | 3945 | 434| 19 | 10 | 88.5 | 76.3 | 164.9] 0.0154 | 1.000 | 95.9 | 184.4 | 1.48 | 1.33
16 [4T12-18 239.8 | 4060 |434| 19 | 12 | 73.8| 77.4 | 151.2 | 0.0154 | 1.000 | 96.9 | 170.7 | 1.59 | 1.40
17 |5IT12-B1 195.1 | 3700 |45.3| 2.6 | 12 | 77.0 | 77.2 | 154.2 | 0.0148 | 0.604 | 87.4 | 164.4 | 1.27 | 1.19
18 |5IT12-B2 2175 | 4160 | 453 | 26 | 12 | 77.0 | 81.8 | 158.8 | 0.0148 | 0.604 | 91.9 | 168.9 | 1.37 | 1.29
19 |5IT12-B3 193.3 | 4310 |45.3| 2.6 | 12 | 77.0 | 83.3 | 160.3 | 0.0148 | 0.604 | 93.2 | 1703 | 1.21 | 1.14
20 [5IT12-B4 206.5 | 4130 | 453 | 26 | 12 | 77.0 | 81.5 | 158.5] 0.0148 | 0.604 | 91.6 | 168.6 | 1.30 | 1.22
21 |6T6 240.0 | 4590 |43.4| 2.7 | 18 | 49.2 | 82.3 | 131.5] 0.0154 | 0.566 | 91.4 | 140.6 | 1.82 | 1.71
22 |6IT6 2376 | 5110 [ 453 | 26 | 6 |154.0] 90.7 | 244.7 | 0.0148 | 0.604 |100.3| 254.3 | NA | NA
23 |6T10 2104 | 4595 | 434 | 30 | 10 | 88.5] 82.4 | 170.9 | 0.0154 | 0.477 | 89.4 | 178.0| NA | NA
24 |6IT10 237.8 | 5495 | 453 | 26 | 10 | 924 | 94.0 | 186.4 | 0.0148 | 0.604 |103.5| 195.9 | 1.28 | 1.21
25 |7T6 213.7 | 4405 | 434| 30 | 6 |147.6| 80.7 | 228.2] 0.0154 | 0.477 | 87.8 | 2353 | NA | NA
26 |71T6 207.0 | 4350 | 453 | 26 | 12 | 77.0 | 83.7 | 160.7 | 0.0148 | 0.604 | 93.6 | 170.6 | 1.29 | 1.21
27 |7T12 2156 | 4280 | 434 | 27 | 12 | 73.8 | 79.5 | 153.3 | 0.0154 | 0.566 | 88.8 | 162.5| 1.41 | 1.33
28 |71T12 204.4 | 4165 | 453 | 26 | 12 | 77.0| 81.9 | 158.9 | 0.0148 | 0.604 | 91.9 | 168.9 | 1.29 | 1.21
29 (8IT10 2218 | 4750 | 453 | 26 | 10 | 924 | 87.4 | 179.8 | 0.0098 | 0.604 | 92.5 | 184.9 | 1.23 | 1.20
30 [8IT12 186.1 | 4840 | 453 | 2.6 | 12 | 77.0| 88.2 | 165.3 | 0.0098 | 0.604 | 93.3 | 170.3 | 1.13 | 1.09
31 |8T12-B3 183.9 | 5070 |43.4| 3.0 | 12 | 73.8 | 86.5 | 160.3 | 0.0154 | 0.477 | 93.4 | 167.1 | 1.15 | 1.10
32 |8T12-B4 158.9 | 4995 [43.8| 3.0 | 12 | 745 86.7 | 161.1 | 0.0127 | 0.483 | 91.8 | 166.2 | 0.99 | 0.96
33 [9IT12-B1 216.8 | 4285 | 453 | 26 | 12 | 77.0 | 83.0 | 160.0 | 0.0098 | 0.604 | 88.3 | 165.3 | 1.35 | 1.31
34 [9IT12-B2 183.3 | 4605 | 453 | 2.6 | 12 | 77.0 | 86.1 | 163.1 | 0.0098 | 0.604 | 91.2 | 168.2 | 1.12 | 1.09
35 [9T12-B3 170.3 | 4645 |43.4| 3.0 | 12 | 73.8 | 82.8 | 156.6 | 0.0154 | 0.477 | 89.8 | 163.6 | 1.09 | 1.04
36 |9T12-B4 153.5 | 4705 |43.8| 3.0 | 12 | 745 84.1 | 158.6 | 0.0127 | 0.483 | 89.3 | 163.8 | 0.97 | 0.94
37 [10T0 548 | 4610 |45.0] 29 | © 0 |s856| 856 |0.0074|0.503 | 87.2 | 87.2 | 0.64 | 0.63
39 [10T24-B3 | 107.9 | 3450 | 43.8| 3.0 | 24 | 372 | 72.0 | 109.3 ] 0.0127 | 0.483 | 77.9 | 115.1 | 0.99 | 0.94
40 [10T24-B4 | 1253 | 3420 | 438 3.0 | 24 | 372 | 71.7 | 108.9 ] 0.0127 | 0483 | 77.6 | 114.8 | 1.15 | 1.09
Avg. | 124 | 117
cov| 16.7 | 155
(%)
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Figure 4.1a: Comparison of experimental and predicted shear using simplified ACI method
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Figure 4.1b: Comparison of experimental and predicted shear using detailed ACI method
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However, for the large and unreinforced specimen (without stirrups), the ACI methods
significantly overestimated shear capacity. For all tests, the mean value for the ratio of
experimental to predicted shear strength was 1.24 with a coefficient of variation of 0.17 for the
simple approach (Equation 4-2), and the ratio of experimental to predicted shear strength was
1.17 with a coefficient of variation of 0.16 for the complex equation (Equation 4-4).

There is no rational method to incorporate damage from stirrup debonding from high-cycle
fatigue or cumulative damage from low-cycle fatigue into these capacity equations, except to
apply empirical coefficients based on the measured strength reductions for the different amounts
of laboratory imposed fatigue damage. However, given the inherent scatter of results over the
spectrum of test variables that are not incorporated into the ACI equations, the results from this
approach would be questionable. This is particularly so, as other methods provide better
correlation with experiments and can be modified to include damage effects, as seen
subsequently.

4.2 RESPONSE 2000™

The beam specimens were analyzed with a specialty computer program called Response 2000™.
The program was developed by E. Bentz at the University of Toronto (Bentz 2000). The program
uses a sectional analysis approach to assess the load-deformation response of cross-sections
subject to bending moments, shear forces, and axial loads. Constitutive relationships between
stresses and strains at a section are based on Modified Compression Field Theory (MCFT). The
program accommodates many different cross-sectional shapes, is easy to use, and is available
free on the Internet (see http://www.ecf.utoronto.ca/~bentz/r2k.htm). The program predicts the
shear-moment capacity curve for a specified cross-section, although the V-M response for high
shear to moment ratios is not well predicted. Additionally, the program computes the AASHTO
nominal V-M capacity curve based on MCFT for a specified cross-section (this is referred to
here as AASHTO-MCFT).

There are two analysis options for member assessment: a) sectional analysis, and b) member
analysis. Member analysis is performed for specified beam span and loading conditions. This
may be used to directly compare with discrete laboratory specimens. The overall member
response is predicted and local concrete and reinforcing stresses are determined. This method
was used for comparison with the laboratory specimen load-centerline deformation responses of
all specimens as shown in Figs. 4.2a-j. Actual materials properties for each specimen were used
as input for the analyses. As seen in these figures, the member analysis provided reasonably
good prediction of the backbone or envelope force-displacement response for test specimens,
considering the range of stirrup spacings and material properties. However, specimens with
unsymmetrical support conditions, variable stirrup spacing, and flexural bar cutoffs within the
test span were not as well predicted, as the program does not currently provide direct analysis of
these conditions.
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Figure 4.2a: Experimental and Response2000°™ predicted behavior for Group 1 specimens
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Figure 4.2¢: Experimental and Response2000™ predicted behavior for Group 3 specimens
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The sectional analysis option in Response 2000 permits a cross-section to be directly assessed
independent of the support and loading conditions. Program output provides the shear-moment
interaction for the section. Local sectional stresses as well as other response details such as
predicted crack widths and patterns are also computed and displayed. The sectional analysis
option is the approach that would be used to determine the capacity of bridge girders for
comparison with load effects. Using the sectional analysis option, the shear-moment interactions
were determined for each of the specimens. Capacity calculation for the specimens that exhibited
a shear-compression failure was performed at a critical section located at 0.9 times the effective
depth (dv) away from the edge of the loading plate as shown in Figure 4.3.

P12
Lgy | d,=094d, ¢
. =
15720
ViR
TRV

. Bl .

J[ : Analysis Section : Analysis Section J[:
T Specimen Inverted-T Specimen

Figure 4.3: Location of critical section with respect to failure crack location

To illustrate the location of the critical section with respect to the failure crack location, the
distance that the failure crack extended past the critical section (Ldv) was measured, as a
percentage of dv. The lengths of crack extension beyond the critical section for each specimen
are summarized in Table 4.2. Analysis results are summarized in Table 4.3 and Figure 4.4.

Table 4.2: Length of crack extension beyond critical section

Specimen | MV (ft) | dv (in.) | Lav(%) Specimen | M/V (ft) | dv (in.) | Lay (%)
1T18 7.58 39.1 72.7 7176 6.25 40.8 714
1T18 7.44 40.8 96.2 7712 6.39 39.1 150.9
2710 7.58 39.1 68.7 71712 6.25 40.8 986
2712 7.58 39.1 132.8 8IT10 6.25 40.8 27.2
3T12 7.58 39.1 90.8 8IT12 6.25 408 425
3IT12 6.25 40.8 43.0 8T12-B3 7.58 39.1 369
3T18 7.58 39.1 131.8 8T12-B4 7.55 40.8 50.2
31718 6.25 40.8 93.7 9IT12-B1 6.25 40.8 447
41T8-12 6.25 40.8 136.2 9IT12-B2 6.25 40.8 77.0
4T710-12 3.58 39.1 101.9 9T12-B3 7.58 39.1 107.0
4T712-18 3.58 39.1 78.0 9T12-B4 7.55 40.8 101.5
51T12-B1 6.25 40.8 71.0 10T0 7.46 405 175.5
51T12-B2 6.25 40.8 64.4 10T24-B3 7.55 39.4 175.2
51T12-B3 6.25 40.8 97.7 10T24-B4 7.55 39.4 142.3
51T12-B4 6.25 40.8 50.2
676 6.39 39.1 70.5 Average L, for T specimens 105.4
6IT10 6.25 40.8 68.0 Average L, forIT specimens 721
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Table 4.3: Predicted shear capacities for laboratory specimens (COV in %)

No.| Specimen flc- V.APP S MV V:c\cn V{\CIZ V.RZK VRZIfft_’o VAITSHTO Vapel | Vappl | Varel | Vappl | Vare/
(psi) | (kips) | (in) | (ft) | (kips) | (kips) | (kips) | (kips) | (kips) | Vacn [ Vacz | Vrek | Vrekit—o | VaasHto
Control
1 |1T6 4700 | 206.5| 6 | 7.58| 230.9 | 2379 | 213.7 211.0 208 Flexural Failure
2 |11T6 47751 236.0 | 6 | 744 2417 | 2492 | 2471 2251 235 Flexural Failure
3 |1T18 4925 | 169.8 | 18 | 7.58 | 134.5 141.4 167.1 161.3 151 1.26 1.20 1.02 1.05 1.12
4 |11T18 4550 | 158.8 | 18 | 7.44 | 136.9 144.5 177.5 162.2 157 1.16 1.10 0.89 0.98 1.01
5 |2T10 3550 | 205.3 | 10 | 7.58 ( 160.9 168.5 | 212.8 198.4 178 1.28 1.22 0.96 1.03 1.15
6 |2IT10 3290 | 205.3 | 10 | 0.39 | 165.2 173.4 193.0 170.4 186 Anchorage Failure
7 12T12 3520 | 1929 | 12 | 7.58 ( 145.9 153.4 199.5 183.2 164 1.32 1.26 | 0.97 | 1.05 1.18
8 |2IT12 3575 | 183.8 | 12 | 0.39( 152.8 160.9 181.0 158.4 174 Anchorage Failure
11 |3T18 3970 | 153.3 | 18 | 7.58 | 125.8 133.1 166.5 152.6 144 1.22 1.15 0.92 1.00 1.06
Avg. 1.25 1.19 0.95 1.02 1.1
COoV 4.9 5.2 4.9 3.2 6.1
Control specimens with additional detail
18 |51T12-B2 4160 | 217.5| 12 | 6.25| 158.8 168.9 | 2174 198.8 185 1.37 1.29 1.00 1.09 1.18
20 |51T12-B4 4130 | 206.5| 12 | 6.25| 158.5 168.6 | 217.6 198.2 184 1.30 1.22 0.95 1.04 1.12
30 |8IT12 4840 | 186.1 | 12 | 6.25| 165.3 170.3 | 212.7 207.6 184 1.13 1.09 0.87 0.90 1.01
31 |8T12-B3 5070 | 183.9 | 12 | 7.58 ( 160.3 167.1 207.3 200.5 176 1.15 1.10 0.89 0.92 1.04
32 |8T12-B4 4995 | 1589 | 12 | 7.55| 161.1 166.2 157.1 153.0 154 0.99 0.96 1.01 1.04 1.03
37 11070 4610 | 54.8 0 | 746| 856 87.2 53.0 0.0 57 0.64 0.63 1.03 NA 0.96
40 |10T24-B4 3420 | 125.3 | 24 | 7.55| 108.9 114.8 134.3 122.6 123 1.15 1.09 0.93 1.02 1.02
Avg. 1.10 1.05 0.96 1.00 1.05
Ccov 21.7 20.5 6.5 7.8 6.9
Moving supports and Two stirrup spacings
13 |41T6-10 3790 | 2165 10 | 0.39| 170.5 178.5 | 202.1 171.7 191 Anchorage Failure
14 |41T8-12 3710 | 2429 | 10 | 6.25 | 169.7 179.9 | 229.6 212.4 195 1.43 1.35 | 1.06 | 1.14 1.25
ald ratio=2.0
15 |4T10-12 3945 | 244.4 | 10 | 3.58  164.9 184.4 | 238.8 NA 201 1.48 1.33 1.02 NA 1.22
16 |4T12-18 4060 | 239.8 | 12 | 3.58 | 151.2 170.7 | 202.0 NA 187 1.59 1.40 1.19 NA 1.28
Avg. 1.53 1.36 1.11 NA 1.25
cov 4.8 4.1 10.5 NA 3.8
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Table 4.3 (continued): Predicted shear capacities for laboratory specimens (COV in %)

No.| Specimen flc- V.APP S MV V:c\cn V{\CIZ V.RZK VR2|fft—>° VAITSHTO Vapel | Vappl | Varel | Vappl | Vare/
(psi) | (kips) | (in) [ (ft) | (kips) | (kips) | (kips) [ (kips) (kips) | Vact | Vaciz | Vrak | Vrakt-o | Vaashto
High-cycle fatigue
9 |3T12 3990 | 188.7 | 12 | 7.58 [ 150.5 157.9 194.6 185.7 168 1.25 1.20 0.97 1.02 1.12
10 |3IT12 4180 | 207.5| 12 | 6.25| 159.0 169.1 218.8 200.7 185 1.30 1.23 0.95 1.03 1.12
12 |31T18 3915 | 1471 | 18 | 6.25( 130.7 140.9 169.8 156.1 156 1.13 1.04 0.87 0.94 0.94
17 |51T12-B1 3700 | 195.1 | 12 | 6.25 | 154.2 164.4 | 207.5 190.8 180 1.27 1.19 0.94 1.02 1.08
23 |6T10 4595 | 2104 | 10 | 7.58 | 170.9 178.0 | 2055 200.8 185 Flexural Failure
24 |61T10 5495 | 237.8 | 10 | 6.25( 186.4 195.9 | 243.1 236.5 210 1.28 1.21 0.98 1.01 1.13
29 |8IT10 4750 | 221.8 | 10 | 6.25| 179.8 184.9 | 222.7 2171 198 1.23 1.20 1.00 1.02 1.12
33 |9IT12-B1 4285 | 216.8 | 12 | 6.25| 160.0 165.3 | 2145 199.7 180 1.35 1.31 1.01 1.09 1.20
36 |9T12-B4 4705 | 153.5| 12 | 7.55| 158.6 163.8 150.3 146.8 147 0.97 0.94 1.02 1.05 1.04
Avg. 1.22 1.16 0.97 1.02 1.10
COoV 10.0 10.1 51 3.9 7.0
Low-cycle fatigue
19 |51T12-B3 4310 | 193.3 | 12 | 6.25| 160.3 170.3 | 219.9 201.3 186 1.21 1.14 0.88 0.96 1.04
21 |6T6 4590 | 240.0 | 18 | 6.39| 1315 140.6 1771 162.6 152 1.82 1.71 1.36 1.48 1.58
22 |6IT6 5110 | 237.6 | 6 | 6.25| 244.7 | 254.3 | 269.0 263.8 256 Not Failed
26 |71T6 4350 | 207.0| 12 | 6.25| 160.7 170.6 | 221.7 203.5 186 1.29 1.21 0.93 1.02 1.11
34 |9IT12-B2 4605 | 183.3 | 12 | 6.25| 163.1 168.2 | 204.1 199.4 182 1.12 1.09 0.90 0.92 1.01
35 |9T12-B3 4645 | 170.3 | 12 | 7.58 | 156.6 163.6 197.2 192.7 173 1.09 1.04 0.86 0.88 0.98
39 |10T24-B3 3450 | 107.9| 24 | 7.55| 109.3 115.1 134.7 123.3 123 0.99 0.94 0.80 0.88 0.88
Avg. 1.25 1.19 0.96 1.02 1.10
CoV 23.8 22.8 21.0 224 22.4
Debonded stirrups
25 |7T6 4405 | 213.7| 6 | 7.58| 228.2 | 2353 | 233.2 229.6 225 Flexural Failure
27 |7T12 4280 | 2156 | 12 | 6.39| 153.3 162.5 | 2158 198.5 176 1.41 1.33 1.00 1.09 1.23
28 |71T12 4165 | 2044 | 12 | 6.25| 158.9 168.9 | 218.6 200.2 185 1.29 1.21 0.94 1.02 1.10
Avg. 1.35 1.27 0.97 1.05 1.16
cov 6.3 6.5 4.7 4.4 7.3
For all specimens except low-cycle fatigue Avg. 1.24 1.17 0.98 1.03 1.12
specimens and specimen 3IT18 cov 15.3 13.8 6.7 5.3 75

221




O O Control Low-cycle fatigue - cut flex. bar
@ & Control - cutflex bar ¢ & Low-cycle fatigue - straight flex bar
® ® Control-straightflex. bar ¢ ¢ Low-cycle fatigue - cut stirrup
U O High-cycle fatigue Moving support
l B High-cycle fatigue - cut flex. bar Low a/d ratio
& O Low-cycle fatigue Debonded stirrups
250
2
200 O A
9@0
2 150 X
-
~ [
X o
100
>
50
0
0 50 100 150 200 250
Vrzk (Kips)

Figure 4.4: Comparison of experimental and predicted shear using Response 2000™

As seen in the table and figure, Response 2000™ provided excellent capacity prediction over the
full range of test variables considered. Specimens with common details were sorted
independently for statistical comparisons. These groups included: control specimens, control
specimens with different flexural details, high-cycle fatigue, low-cycle fatigue, moving supports,
low span-to-depth ratio, and debonded. The mean values and coefficients of variation for each of
these groups are shown in Table 4.3, but considering all specimens (except low-cycle fatigue
specimens and the high-cycle fatigue specimen with fractured stirrups 31T18) the mean
experimental to predicted shear capacity was 0.98 with a 0.07 coefficient of variation. This is
remarkably good for the range of parameters investigated.

Response 2000™ was also employed to predict the capacity of specimens subjected to cyclic
loading and the specimens with fully debonded stirrups. To account for debonding effects and
reduced stirrup constraint at cracks under repeated loads, the tensile strength of the concrete was
set near zero to significantly reduce the contribution of the tensile stresses in the concrete
between cracks. The tensile stresses in the concrete could be reduced due to million cycles of
fatigue loading. For each specimen analysis, the smallest tensile strength (close to zero) was
obtained through iteration until convergence of solution was achieved. Analysis results and the
tensile strengths used for all specimens are summarized in Tables 4.3 and 4.4, respectively.
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Table 4.4: Least tensile strength used for capacity prediction of specimens subjected to cyclic loading and
specimens with fully debonded stirrups

VRZK VRZK

. . f Vv S .
f —> . ¢ APP f —>
¢ (psi)| f—0 No. | Specimen wsi | ips) | im) ¢ (psi)| f—0

fe | Vaer | S

No. | speci
o-| SPecimen sy | wips) | in)

(kips) (kips)
Control Low-cycle fatigue
1 |1T6 4700 | 206.5| 6 3 | 211.0 19 [5IT12-B3 43101 193.3] 12| 9 | 201.3
2 |1IT6 47751 236.0| 6 3 | 2251 21 |6T6 45901 240.0] 18| 11 | 162.6
3 |1T18 49251 169.8| 18| 6 161.3 22 |61T6 5110 237.6| 6 7 | 263.8
4 [11T18 4550 | 158.8| 18| 7 162.2 26 |71T6 4350 | 207.0| 12| 11 | 203.5
5 |2T10 3550]205.3| 10| 2 198.4 34 [91T12-B2 46051 183.3] 12| 11 | 199.4
6 |2IT10 3290 205.3] 10| 1 170.4 35 [9T12-B3 464511703 12| 5 192.7
7 |2T12 3520|1929 12| 3 183.2 39 [10T24-B3 3450 107.9| 24| 4 123.3
8 |21T12 35751 183.8| 12| 1 158.4
11 |3T18 3970 153.3| 18 3 152.6 Moving supports and Two stirrup spacings

13 |41T6-10 3790 216.5| 10| 1 171.7
Control specimens with distinctive detail 14 141T8-12 3710 2429| 10| 8 | 2124
18 |51T12-B2 4160 | 217.5( 12| 8 | 198.8
20 |5IT12-B4 4130 206.5( 12| 8 | 198.2 a/d ratio=2.0

30 [8IT12 48401 186.1] 12| 12 | 207.6 15 [4T10-12 3945124441 10| NA NA

31 |8T12-B3 5070 183.9| 12| 5 | 200.5 16 [4T12-18 4060 | 239.8| 12| NA NA

32 |8T12-B4 499511589] 12| 5 153.0

37 11070 4610 54.8 1 0 | NA 0.0 Debonded stirrups

40 |10T24-B4 3420|1253 24| 4 122.6 25 |7T6 44051 213.7| 6 3 | 229.6
27 |7T12 4280 2156| 12| 7 198.5

High-cycle fatigue 28 |71T12 41651 204.4| 12| 10 | 200.2

9 |3T12 3990|188.7| 12| 5 185.7

10 [3IT12 41801 207.5]| 12| 10 | 200.7

12 |3IT18 3915|1471 18| 14 | 156.1

17 |51T12-B1 3700 195.1| 12| 7 190.8

23 |6T10 4595121041 10| 4 | 200.8

24 |61T10 54951 237.8| 10| 12 | 236.5

29 |8IT10 47501 221.8] 10| 10 | 2171

33 [9IT12-B1 42851 216.8| 12| 10 | 199.7
36 |9T12-B4 47051 153.5]| 12| 4 146.8

Specific treatment of anchorages and effective flexural reinforcing areas are detailed in
subsequent sections.

43 MODIFIED COMPRESSION FIELD THEORY

Modified Compression Field Theory (MCFT) (Vecchio and Collins 1986) is the shear design
methodology prescribed by the AASHTO-LRFD Bridge Design Specification (2003). MCFT
takes into account residual concrete stresses in cracked concrete that permit the concrete section
to resist higher shear forces. The model simplifies the complex shear behavior of a beam into a
series of parallel diagonal cracks at an angle 6 from the horizontal, and assumes equivalent
forces exist on the cross-section as shown in Figure 4.5.
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Figure 4.5: MCFT strains and forces on cracked section (AASHTO LRFD 2003)

The shear capacity for a non-prestressed concrete beam is computed as in Equation 4-1. The
stirrup and concrete strength contributions depend on the crack angle and average strain on the
section as:

f,d, cotld
V, =A\'yf1() for straight leg stirrups (4-5)
V,=0.03164, f'.b,d, (4-6)

where A, is the area of stirrups (in?), fy is the yield stress of the stirrups (kst), s is the stirrup
spacing (in), by is the effective width of the beam (in), d, is the distance between compression
and tension resultants from moment equilibrium (in), f . is the concrete compressive strength
(ksi), B is a factor related to 0 (degrees) the crack angle, and & is the average longitudinal strain
in the section.

When the cross-section has at least minimum stirrups, the average longitudinal strain can be
determined as:

“gu +0.5(v, cot (6))

- < 0.002 4-7
£y ELA, (4-7)

where M, (kip-in) is the factored applied moment, V, (kips) is the factored applied shear, A (in?)
is the area of flexural steel that is adequately developed at the section, and Es (ksi) is the modulus
of elasticity for the flexural steel.

If the section has less than minimum area of stirrups, Equation 4-7 is multiplied by 2. Minimum
stirrup area is defined as:

A, = 0.0316 /T, bfVS
y

(units for fy and f’ are ksi) (4-8)
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Values of B and 6 are chosen from tables within the AASHTO specification and the capacity of
the section is computed. Alternatively, Response 2000™ may be used to compute the shear-
moment interaction curve. AASHTO-MCFT analysis results determined using Response 2000™
are summarized in Table 4.3 and Figure 4.6. AASHTO-MCFT results had a mean value of
experimental to predicted shear capacity of 1.12 with a coefficient of variation of 0.08 for all
specimens except low-cycle fatigue specimens and the high-cycle fatigue specimen 3IT18.
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Figure 4.6: Comparison of experimental and predicted shear using AASHTO MCFT

The AASHTO-MCFT method is recommended for prediction of the capacity of vintage RCDG
girders. It provided good agreement with experimental results, incorporates interaction between
shear and moment, is the current standard for determining shear strength of concrete members in
the AASHTO-LRFD provisions, and provides a relatively simple way to account for the complex
stress state in concrete members under the combined actions of shear and moment. The method
can be applied for individual cross-sections at locations with diagonal-tension cracks. Further,
the method should also be familiar to designers and consultants.

Sectional methods such as Response 2000™ and AASHTO-MCFT tended to reasonably predict
capacity of sections with span to depth ratios (a/d ratios) above approximately 2.5, which are not
strongly influenced by the disturbed regions associated support locations. However, the
sectional analyses underpredicted shear capacities for sections with low a/d ratios. This is
observed for Group4 T specimens and moving load specimens, which include specimens 4T10-
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12,4T12-18, 10T12, 11T16.5, 11T22-B3, and 11T22-B4. Portions of a beam very close to the
support reactions are considered disturbed regions due to nonuniform stress flow through the
section at these locations. Within the disturbed region, the beam carries load in a very different
manner than that assumed by sectional analysis techniques, and failure may be controlled by
concrete bearing or crushing as well as anchorage pullout. The strut-and-tie method may better
approximate the internal stress actions in disturbed regions and is a more suitable analysis
technique for beams with short span to depth ratios.

4.4 ANALYSIS OF MOVING SUPPORTS

4.4.1 Analysis Description
44.1.1 Specimen 41T6-10

The bond strength of specimen 41T6-10 was computed and is shown in Table 4.5. The
tension force developed in the bottom flexural bars at failure was higher than the tension
provided by the bond strength. Capacity of three sections, with 6 in., 8 in., and 10 in.
stirrup spacings, were computed using the Response 2000™ program and AASHTO-
MCFT method.

Table 4.5: Bond strength comparisons

I I
i Vapp f'e fy dy Vs 0 d d Havg lem | Hmoa | Ty T
Specimen . i i R . i i . . R . .
(kips) | (psi) | (ksi | (in) |kips) (deg) [ G2 | 1) " (psi)  (in) | (psi) [(kips)| (kips)
2IT10 205.3 13290 75.8138.7| 60.8| 32.0 | 796 81.5 328 | 16.8| 383 | 163 | 280
21T12 183.8 | 3575 | 75.8 | 36.8 | 40.6 | 29.0 | 77.5| 78.2 342 | 17.4] 397 | 175 | 295

41T6-10 216.5|3790| 68.3|41.3| 81.1| 325 | 66.8| 68.4 352 | 16.7| 411 | 174 | 276
5IT12-B4 206.5 | 4130 69.2139.3| 60.8| 343 | 649| 664 367 | 30.9| 401 | 329 | 258

For the precracking stage, a critical section with an M/V ratio of 3.44 ft was considered
as shown in Figure 4.7. For the failure-testing stage, two M/V ratios were considered:
M/V ratio of 3.6 ft was located at a section from the edge of the reaction support plate;
M/V ratio equal to 7.44 ft was located at a section from the edge of the applied loading
plate.

M-V envelopes of each section were developed and shown in Fig 4.8. Prediction for the
6 in. spacing section with a span length of 16 ft was anticipated to be lower than the
existing section capacity, due to the low a/d ratio (1.85). Response 2000™ and
AASHTO-MCFT did not take into account this deep beam condition. The capacity
prediction was expected to be reasonable for the span length of 24 ft, since the a/d ratio
was 2.9.

Capacity predictions using the AASHTO-MCFT method were more conservative than
those using Response 2000™. Further comparisons between experimental results were
made using Response 2000™, as this method provided better correlation as shown in
Table 4.3.
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Figure 4.7: Moment and shear diagrams for 4IT6-10 specimen

The applied shears and moments were within the predicted shear and moment envelope
as shown in Figure 4.8a. At the 3.44 ft M/V ratio section of the specimen with the 16 ft
span length, the precracking (in initial support locations) shear and moment were 200
kips and 688 ft-kips, respectively. The predicted ultimate shear and moment were 313
kips and 1081 ft-kips. These made Vprecrack/ Vr2k @and Mprecrack/ Mrok ratios equal to 0.64
and 0.64, respectively. The capacity predictions of 3.6 ft and 7.44 ft M/V ratio sections
for the failure testing stage were also higher than the experimental shear and moment at
failure. Vexp/Vrok and Mgxp/Mgok ratios for the M/V ratio of 3.6 ft were 0.88 and 0.89,
respectively. Vexp/Vrok and Mexp/Mrok ratios for the M/V ratio of 7.44 ft were 0.86 and
0.86, respectively.
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program; b) using AASHTO MCFT method
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4.4.1.2 Specimen 41T8-12

For the precracking stage, a critical section with an M/V ratio of 3.44 ft was considered
as shown in Figure 4.9. For the failure-testing stage, an M/V ratio of 3.6 ft was taken at a
section located from the edge of the reaction support plate, and an M/V ratio equal to
6.25 ft was taken at a section from the edge of the applied loading plate. M-V envelopes
for 8 in., 10 in., and 12 in. spacing sections were developed and shown in Fig 4.10.
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Figure 4.9: Moment and shear diagrams for 41T8-12 specimen
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Figure 4.10: M-V envelope of capacity for 4IT8-12 specimen: a) using Response 2000™ program;

and b) using AASHTO MCFT method

At the 3.44 ft M/V ratio section, the precracking shear and moment were 200 kips and
688 ft-kips, respectively for the initial support locations. The predicted ultimate shear and
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moment at the 8 in. spacing were 266 kips and 933 ft-kips. Vprecrack/ Vr2x and
Mprecrack/Mrak ratios were 0.75 and 0.74, respectively. The precracking shear and moment
were well below the predicted capacities. Diagonal-tension failure could occur at two
sections with M/V ratios of 3.6 ft and 6.25 ft, shown in Figure 4.10a. The two sections
were in the space between the 8 in. and 10 in. spacing envelopes. An average stirrup
spacing equal to 10.9 in. was computed using a horizontal projection of the failure crack
equal to 76 in. divided by seven stirrups crossing the failure crack. The analysis tended
to underestimate the capacity of the specimens tested with moving support locations.

45 ANALYSIS FOR SPECIMENS WITH CUTOFF AND ANCHORAGE

4.5.1 Anchorage of Flexural Reinforcing

Bond stress from the flexural-tension rebar at the end region was considered for analysis of
specimens 2IT10, 2IT12, and 41T6-10. These specimens exhibited anchorage failures. A free
body diagram of the end region of the specimens is shown in Figure 4.11.
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Figure 4.11: Forces at end region of inverted-T specimens

Applied moment and resistance force along the crack interface were neglected due to the
anchorage failure at the support location. Applied tensile force, T, in the bottom flexural tensile
rebar was obtained by taking moments at Point A, which are

T =(V,pp — 0.5V, )cot@ (4-9)

where T is the applied tensile force in flexural rebars (kips), C is the compressive force in the
compression zone (kips), Vapp is the applied shear including specimen self-weight (kips), Vs is the
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total force in the yielded stirrups across the diagonal tension crack (kips), and @ is the angle of
inclination of the diagonal-tension crack (degrees).

Angle of inclination of the diagonal-tension crack (), the effective shear depth (dv) at the end
region, and number of stirrups across the diagonal-tension crack were obtained from crack
pattern photographs (see Figure 3.12 in the previous chapter).

Stress in stirrups across the failure crack was assumed to reach a yield stress of 50,700 psi.
Development length was calculated using ACI 318 (Equation 4-10) and AASHTO-LRFD
(Equation 4-11) procedures as:

f
| —d, P pci318-02 (4-10)
40 /f'. (c+ K,
db
125Af, _ _
l,=—>Y AASHTO-LRFD (4-11)

I

where |y is the development length (in), f, is the yielding stress of rebars (psi), f’ is the
compressive strength of concrete (psi), « is the bar location factor equal to 1.0, SBis the coating
factor equal to 1.0, yis the bar size factor equal to 1.0, A is the lightweight aggregate factor equal
to 1.0, c is the spacing or cover dimension (in) equal to 2.25 in. for inverted-T specimens and
2.15 in. for T specimens, Ky is the transverse reinforcement index defined as Aqf,/1500 sn, Ay is
the total cross-sectional area of all transverse reinforcement equal to 0.4 in2, fy; is the yield stress
of transverse reinforcement (psi) taken as 50,700 psi, s is the maximum spacing of transverse
reinforcement within Iy (in), n is the number of bars being developed along the plane of splitting,
dp 1s the diameter of #11 flexural bar (in) equal to 1.41 in., A, is the cross-sectional area of #11

c+K
flexural bar (in®) equal to 1.56 in’ (A

J should not exceed a value of 2.5, but not be less
b

than 1.5, and 4/ f'_ shall not exceed 100 psi.

The development lengths and variables for each specimen are summarized in Table 4.5. The
average of the development lengths computed using AASHTO-LRFD equation are about 2 %
longer than obtained from ACI 318 equations. Using the development length based on
AASHTO-LRFD specification, average bond strength was computed as:

f, d,

;uavg =

where 1,4 1 the average bond strength (psi).

Embedded length (lem) of the flexural rebar from the end to the intersection point between the
flexural-rebar centroid and diagonal-tension crack was a combination of the horizontal length
from the edge of support plate to the crack plane (2.7 in. cot @), the width of the support plate (4
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in), and the overhang toward the end of the bar (8.5 in.). Of this embedded length, a length of
9.4 in., obtained from a 45° projection from the edges of the support plate, was influenced by
bearing stresses that increase confinement and reduce the potential for horizontal splitting at the
anchorage. According to ACI 318-02, an increase of 30 percent in the value of Mn/Vu is
permitted when the ends of reinforcement are confined by a compressive reaction. Likewise,
bond strength over the 45° projection length could be multiplied by a factor of 1.3.

The modified bond strength for each specimen was summarized in Table 4.5. A total tensile
force generated by the bond strength over the embedded length was computed using Equation 4-
13. The modified bond strength was used for only the four flexural bars within the confinement
zone shown in Figure 4.11, whereas the average bond strength was used for the two outer bars.
The tensile force due to bond strength was compared to the applied tensile force obtained from
Equation 4-9.

T,u = Iu”db Iem (4_13)

where T, is the tensile force developed due to the bond strength per bar (kips), «is the bond
strength (ksi), l.m1s the embedded length (in).

The applied tensile forces for specimens 21T10, 21T12, and 4IT6-10 were 72%, 69%, and 59%,
respectively, higher than the tensile forces developed due to the bond strength over the
embedded length of flexural bars. These calculations validated the anchorage failure of the
specimens. Anchorage failure was not desirable, as this results in reduced capacity. To prevent
anchorage failure, support conditions were modified using 1 in. x 4 in. x 36 in. steel support
plates for inverted-T specimens in Groups 3 - 11 and the testing span length was shortened from
24 ft to 21.6 ft. Bond strength calculation was made for specimen 5IT12-B4, as shown in Table
4.5, to show that anchorage failure prevention was predicted. The applied tensile force was 21%
lower than the capacity from the available bond strength.

4.5.2 Flexural Reinforcing Cutoff Locations

Reduced amounts of flexural bar area were obtained as shown in Figure 4.12 for T specimens
and Figure 4.13 for inverted-T specimens, by multiplying the full cross-sectional area of flexural
bars by a ratio of actual embedded length (from the end to a critical section) to development
length of the flexural bars. Development lengths were computed using ACI procedure (Equation
4-10).

The Response2000TM program was employed to compute shear capacity of specimens with
cutoff details using the reduced section of the flexural bar area. Variables and results are
summarized in Table 4.6. The analysis results correlated well with the experimental results with
an average Vapp/VR2K ratio of 0.97 and a coefficient of variation of 6.7 percent. This indicated
that capacity predictions for specimens with partially developed flexural steel were reasonable.
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Figure 4.12: Effective cross-sectional area of flexural bars for T specimens with cutoff details
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Table 4.6: Shear capacity predictions for specimens with flexural bar cutoff details (COV in %)

Vaee | Fo | £y [V Gin)[ MV ] 1, |EFFAS| Total | ey |Vape!

Specimen kips) | (psi) | ksi)| Act | @) | an) | ind) |As (in®)| (kips) | Vrax

8T12-B4 158.9 | 4995]| 74.9| 58.2 | 7.55| 30.6 | 0.819| 6.32 | 157.1 | 1.01
9T12-B4 153.5|4705] 70.8 | 56.7 | 7.55( 30.6 | 0.841| 6.36 | 150.3 | 1.02
8IT10 221.8 14750 74.9| 554 | 6.25| 29.710.837| 7.91 | 222.7 | 1.00
8I1T12 186.1 | 4840 74.9| 57.1 | 6.25( 29.7 1 0.812| 7.86 | 212.7 | 0.87
9IT12-B1 216.8 | 4285] 70.8 | 57.3 | 6.25| 29.7 |1 0.808 | 7.86 | 214.5| 1.01
9IT12-B2 183.3 | 4605] 70.8 | 55.3 | 6.25| 29.7 1 0.838| 7.92 | 204.1 | 0.90

Avg. | 0.97
COV | 6.7

46 COMPARISON ANALYSES FOR COMMON MATERIAL
PROPERTIES

Concrete strengths of the specimens were variable, even with the same mix design, making direct

capacity comparisons among specimens sometimes difficult. Using different analysis methods,
capacity predictions were made for a set of common materials and parameters. Predictions of
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shear capacity were performed, by Response2000™ (R2K), AASHTO-MCFT, and ACI methods,
using the same M/V ratio, material, and section properties. Response2000™ was also used to
predict capacity for cut-flexural bar details (cut-bar R2K), and to reflect stirrup debonding
effects, the tensile strength of concrete was reduced (low-f; R2K). Sections with six different
stirrup spacings (6 in., 10 in., 12 in., 18 in., 24 in., and no stirrups) were used for the analyses, as
shown in Figure 4.14.
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Figure 4.14: Sections, loading and material properties for analyses using common material properties

For the sections with cut-flexural bar detail, two of six flexural bars were placed starting at 5 ft
from the end supports. Reduced flexural steel cross-sectional areas at the sections were
computed based on ACI development lengths. Material properties were average concrete
strengths, steel yielding stress, and ultimate stress for all specimens. M/V ratios for T and
inverted-T specimen were 7.58 ft and 7.44 ft, respectively. Predicted results are shown in Figure
4.15.

Similar trends were observed for both inverted-T and T specimens. Strength prediction of
sections with no stirrups was very low using low-f; R2ZK. When the stirrup spacing decreased,
the differences in strength predictions were smaller compared to R2K predictions. Similar
predictions by R2K and cut-bar R2K were observed for sections with large stirrup spacings,
while the correlation deviated when the stirrup spacings were smaller than 18 in. ACI predicted
higher strength than the other methods for the section with no stirrups, but a lower prediction
was found when stirrups were present in the sections. For 24 in. stirrup spacing sections,
AASHTO-MCEFT predicted lower shear capacities compared to the other methods due to the
stirrup spacing being lower than the minimum stirrup requirement. Overall predictions by
AASHTO-MCEFT were fairly conservative compared to other methods used for sections with
stirrups.
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Figure 4.15: Predicted shear capacity using same material properties: a) Inverted-T specimens; b) T specimens
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4.7 STRUT-AND-TIE METHOD

The Strut-and-Tie Method (STM) was recently adopted for use in ACI 318-02 (2002) and is also
incorporated in the AASHTO-LRFD specification (2003). This method is recommended by
AASHTO for locations where concentrated loads are applied and where the applied load and the
supporting reactions are less than twice the member height (AASHTO 2003). The STM attempts
to model the distribution of forces in the concrete section by idealizing the member as an
equivalent truss consisting of compression force struts and tension ties. The struts and ties are
connected by nodal regions, which transfer forces between the internal elements as well as at
external boundaries. An excellent overview of the analysis method with examples is given by

Collins and Mitchell (1991) and Reineck (2002).

The AASHTO application of STM is slightly different from that in ACI 318-02 for the values
and factors used to determine capacity of model elements, although the overall approach is
similar. The factored resistance of a strut or tie component, P; (kips), is taken as:

P, =g, AASHTO 5.6.3.2-1 (4-14)

where P, (kips) is the nominal strength of the strut or tie, and ¢ is 0.7 for struts or nodal zones
and 1.0 for tension ties.

The nominal strength of a strut without reinforcement parallel to the strut depends on the
compressive stress, fy, (ksi) that can be carried in the element and the area of the strut, A (in”),
and is determined as:

Pns = fcu Acs (4-15)

1

f o T <pgsf AASHTOS5.6.3.3.3-1 (4-16)
0.8+170¢,

where f'; (ksi) is the compressive strength of the concrete, and ¢, (in/in) is the principal tensile
strain across the strut. The principal tensile strain is computed as:

£ =¢&g + (g5 +0.002)cot’ @, AASHTO 5.6.3.3.3-2 (4-17)

where & is the tensile strain in the tension tie (stirrup) and o (degrees) is the smallest angle
between the compressive strut and the tension tie.

The tensile strain in the tension tie may be taken as 0.002 in/in, if the stirrups are expected to be
at yield under factored loads.

The nominal strength of tension ties in sections without prestressing is determined as:

Py =Aqf, AASHTO5.6.3.4.1-1 (4-18)

where Ay is the area of the reinforcing steel attributed to the tie (in”) and fy is the yield strength
of the steel (ksi).
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The concrete compressive stress in nodal regions varies depending on the conditions at the node
as:

fooqe =0.854, CCC nodal regions (4-19a)
fooge =0.75¢, CCT nodal regions (4-19b)
fooge =0.65¢f, CTT nodal regions (4-19c¢)

where ¢ is the resistance factor of 0.7 for bearing on concrete, and CCC is a nodal region
subjected to compression forces only, CCT is a nodal region subjected to compression forces and
a single tension tie force, and CTT is a nodal region subjected to compression force and two
tension tie forces.

4.7.1 STM Model for Test Specimens

Relatively simple and regular two-dimensional STM models were developed for the specimen
beams to facilitate their use by ODOT personnel for possible practical analysis of RCDGs. The
half symmetry model consisted of two inclined struts, two horizontal struts, three tension ties,
and four nodes as shown in Figure 4.16. Two of the tension ties (T1 and T2) consist of the
flexural steel and the second tension tie (T3) represents the shear reinforcement. The amount of
shear reinforcement included in T3 is the area of stirrups crossing both inclined struts. The four
nodes in the model consisted of two CCT nodes (B and D in Figure 4.16), a CTT node (C in
Figure 4.16), and a CCC node (A in Figure 4.16).

vs]
- —
&

1 °

Figure 4.16: Simple strut-and-tie models for shear capacity prediction of control specimen group
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The width of the struts, wg, was determined as:
W, =W, cosé +1,sind (4-20)

where 0 (degrees) is the angle of the strut, I, is the length of the bearing plate (4 in. for all
specimens), and w is the height of the tie region.

The height of the tie region (Node D) for T specimens was taken as 9.1 in., for two layers of
flexural steel and 5.4 in. when a single layer of steel was present. The strut angle for the T beams
varied for different specimens, but was in the range of 32°. This resulted in a corresponding strut
width of 9.8 in. at the bottom. For the IT series, the width of the tie region was taken as 6 in.
(thickness of the deck) because the flexural steel was located in a single layer. The resulting strut
angle was approximately 30° to 32° and the corresponding strut width was 7.2 in. Nodes A and B
were sized by setting the force couple from the flexural design equations to a maximum,
producing a 11 to 18 in. nodal height for the IT specimens, depending on the particular concrete
strength and flexural steel yield stress. Nodes A and B varied from 4 to 6 in. for the different T
specimens.

The strut widths were determined based on the nodal geometry. For IT specimens, the struts
were all assumed to be prismatic, having widths of 7.2 in. for Struts 2 and 4. For the T
specimens, Strut 4 was assumed nonprismatic, having a width of 9.8 in. controlled by the nodal
geometry at location D, and Strut 2 was also assumed nonprismatic, having a width of
approximately 8 in. controlled by the nodal geometry at location A. The compressive stress in
the struts was determined assuming strains in the stirrups at failure were equal to the yield strain
(0.0017in/in).

The area of Tie 1 was 9.36 in” for most T and all IT specimens. The tie capacity for T2 was
determined from the available anchorage at the edge of nodal zone D. An increased bond stress
of 1.3 times that prescribed by the AASHTO-LRFD specification was used to account for the
beneficial confining effects within a projected 45° influence zone at the support location. Tie 3
represented the shear stirrups and the area varied depending on stirrup spacing. Tie 2 ranged
from 9 in” (6 in. spacing) to 3 in” (18 in. spacing).

Predicted and empirical shear capacity for the STM models are shown in Figure 4.17. As seen in
this figure, the chosen STM model with code prescribed factors tended to underestimate the
shear strength for all cases. Failure was found based on the maximum nominal capacity of the
different truss components. The controlling elements varied between specimens and including
bearing failure at Node D, compression failure of Strut 4, and yielding of Tie 3. The STM
models produced a mean ratio of experimental to predicted shear capacity of 1.42 with a
coefficient of variation of 0.27.

The STM approach may be difficult to apply to actual girders in bridge structures, as the loads on
the girders are not necessarily from directly applied point loads from truck tires on the deck. This
makes selection of nodal regions and strut angles uncertain and an equivalent truss-model
difficult to define. However, STM models may be appropriate for bent caps which are primarily
loaded at locations where the main girders frame into the cap and at column intersections.
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Figure 4.17: Predicted and measured shear capacity for control group of specimens using STM

4.7.2 STM for Bent Caps

Simple single-strut STMs were developed for the bent caps of the field study bridges considered
previously. These models are shown in Figure 4.18. For these single diagonal strut models, the
critical detail controlling capacity is the anchorage of the flexural steel at the column face. Bent
caps from the 1950’s vintage RCDG bridges typically contain relatively low flexural steel
reinforcement ratios and the flexural steel is generally inadequately anchored.

Development lengths for flexural bars were computed according to AASHTO-LRFD
specification section 5.11.2. For flexural reinforcing steel being developed within the highly
compressed zone of the column reaction, bond strengths were increased by a factor of 1.3 to
permit a shorter development length. For the available development lengths, an effective flexural
steel tie area (at yield stress) was computed at the face of the nodal zone. A required diagonal
strut force was calculated to balance the tension tie force based on the angle of the strut from the
top of the interior girder to the column reaction.
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Figure 4.18: Single strut STM models for shear capacity prediction of field study bridge bent caps
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The vertical component of the strut force represents the amount of shear that can be carried by
the bent cap without exceeding the anchorage capacity. The capacities of the bent caps were also
calculated using AASHTO-MCFT and Response 2000™. Nominal capacities computed by these
three methods are shown in Figures 4.19a-c. Bent cap shear forces from applied loads were
determined using the ODOT rating vehicles as well as the AASHTO-LRFD recommended load
cases for continuous support locations (a: 90% of two trucks each with 14 ft axle spacings,
spaced 50 ft apart combined with 90% of design lane load; and b: two design tandems spaced 26
feet apart combined with design lane load). The multiple presence factor of 1.2, impact factor of
1.33, and load factor of 1.35 (for rating) were used in the analysis to compare with predicted
capacities. Dead weight of components and dead weight of the wearing surface were also
incorporated with a load factor of 1.25 used for both.

The factored bent cap load effects for each of the three bridges are shown in relation to the
predicted capacities in Figures 4.19a-c. As seen in this figure, the predicted nominal capacities
are well below the factor load effects. In fact, the STM method indicates that there is only
minimal capacity for live load, as the self-weight of the structure alone approaches the capacity
of the flexural anchorage at the column face. None of the three methods appears to reasonably
predict the capacity of the bent caps. It is possible that a more refined strut and tie model,
considering multiple arching struts with associated vertical ties could better predict capacity of
the bent caps. However, the anchorage of the flexural reinforcing steel at the column face
remains of questionable capacity. Additional research is scheduled to address issues related to
capacity prediction of bent caps for RCDG bridges.
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Figure 4.19a: Capacity predictions and demand on bent caps for McKenzie River Bridge
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Figure 4.19c¢: Capacity predictions and demand on bent caps Jasper Bridge

4.8 FINITE ELEMENT ANALYSIS

Nonlinear finite element analyses (FEA) were employed for test specimens. While they provide
a method to predict the strength and behavior of lightly-reinforced CRC girders, they are not a
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practical way for engineers to routinely assess bridge members. A major drawback for their use
in actual bridges is the difficulty in being able to model the section of interest efficiently and
prescribe loading and reaction locations that can produce the desired shear and moment at the
section. Assessment of individual girders or bent caps under well-defined loading conditions can
be performed with relative ease.

FEA of beam specimens was performed using ANSYS version 7.0. Specimens 10T24 and 11T22
were modeled for demonstration of FEA. Only a quarter of the test beam was modeled by taking
advantage of symmetry for specimen 10T24, as shown in Figure 4.20. For specimen 11T22, half
of the test beam was modeled due to unsymmetrical stirrup spacing along the beam length and
the support condition (a cantilever) as shown in Figure 4.23.

Embedded reinforcing steel was modeled using nonlinear truss elements rigidly connected to the
surrounding concrete elements. Rebar material properties were determined from tensile tests.
Concrete was modeled using 8-node solid elements. Constitutive modeling of the concrete was
performed using the modified Hognestad compressive stress-strain relationship (Hognestad
1951) with concrete strength obtained from the day-of-test cylinders. To account for confining
effects at the load application points, concrete elements were modified to permit reduced post-
peak decay in compressive stress near the support and loading locations.

Locations of supports and load applications for FEA of specimens 10T24 and 11T22 are shown
in Figure 4.20 and Figure 4.23, respectively. For the FE model of specimen 11T22, loading was
statically applied at 41.5 in. from the end to predict section capacity in this region, since the
flexural bar cutoff point was located at 72 in. from the cantilever end. Diagonal-tension failure
was anticipated to occur in the region due to the cutoff detail.

Analyses were performed using a quasi-displacement control technique whereby high-stiffness
springs are used to control the midspan displacement of the model and the resulting forces are
computed based on support reactions. The spring stiffness is adjusted through trial and error such
that numerical stability of the solution is achieved, as the model becomes highly nonlinear at
concrete cracking/crushing and rebar yielding, without loss of precision. Without this technique,
solution times become exceedingly large and peak and post-peak response cannot be well
captured using current concrete models in ANSYS.

Predicted deformed shape and principal tensile strain pattern for specimens 10T24 and 11T22 are
shown in Figure 4.21 and Figure 4.24, respectively. Load-deformation and load-stirrup strain
plots from FEA for specimen 10T24 are shown in Figures 4.22a,b along with member response
using Response2000™. FEA predicted a higher capacity with a smaller deformation at the peak
load compared to the test data as shown in Figure 4.22a. As seen in this figure, R2K provided
similar results compared to FEA for applied loads up to about 50% peak load, however R2K
provided better prediction of load-deformation response near the failure. For load-stirrup strain
behavior of specimen 10T24, abrupt change of strains occurred earlier in the test beam as shown
in Figure 4.22b. Large strains exceeding the yield strain were measured at strain gages no. 1-3 in
the test beam. Conversely, only one strain in the FE model was close to the yield strain.
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Figure 4.20: Finite element model of specimen 10T24 and strain gage location

Figure 4.21: Deformed shape and principal tensile strain pattern of 10T24 FE model close to failure
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247



End Reaction

-
9in.’;¢DL ¢12__in,

. 415 ir;_ rppﬁed Liveload

3 162 in. )ﬁ

Center Support

Figure 4.23: Finite element model of moving-load specimen 11T22

For specimen 11T22, the diagonal-tension failure predicted by FEA was located at
approximately 72 in. from the end with an applied load of 226.5 kips and 2.3 in. end deflection.
Experimentally, specimen 11T22 failed at a load of 215.8 kips with a diagonal crack located at
52 in. from the cantilever end and a 2.6 in. end deflection. In general, FEA tended to overpredict
section capacity and underpredict deformation of test specimens.
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71.51n.

Figure 4.24: Deformed shape and principal tensile strain pattern of specimen 11T22 model: a) at loadstep prior to
failure; b) at failure load

4.9 PREDICTION OF SERVICE LEVEL STIRRUP STRESS FOR
FATIGUE ASSESSMENT

As shown previously, both AASHTO-MCFT and Response 2000™ provided rapid analysis
techniques that reasonably predicted the capacity of the girder specimens over the wide range of
test variables. MCFT as implemented in AASHTO and Response 2000™ does not depend on the
loading path to predict capacity, and the initial conditions are typically assumed to be uncracked.
However, assessment for fatigue requires prediction of the stirrup strain range, and service level
stirrup stress ranges are path dependent. To predict service level response for stirrup strains,
modifications were made for MCFT to account for the concrete material reloading in the initially
uncracked condition as well as strain amplification at diagonal crack locations. Comparisons
were made between the analytically predicted stirrup strain responses and laboratory specimens
during reloading portions of the test histories. The method developed permits prediction of shear
forces and the corresponding moments that produce yield stress in the stirrups. This yield
threshold can be compared with load effects at a particular section, for low-cycle fatigue life
predictions.
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4.9.1 Service Level Prediction Methodology

The analysis methodology developed for service level stress range prediction employs MCFT,
using the approximate sectional analysis approach described by Vecchio and Collins (1988). The
approximate method of sectional analysis using MCFT sets the angle of principal strain to be
constant throughout the height of the cross-section. Thus, every sublayer utilizes the same
principal strain angle, as illustrated in Figure 4.25.

Cross section shear stresses longitudinal sectional forces
strains

Figure 4.25: Approximate sectional MCFT analysis (Collins and Mitchell 1991)

Collins and Vecchio demonstrated that the approximate method using a constant angle of
principal strain provided reasonable results compared with the detailed sectional analysis. This
approximate analysis method was implemented in a computer program called Response (Collins
and Mitchell 1991), and the procedure used to solve the moment-shear interaction by the
approximate analysis is outlined by Collins and Mitchell (1991). The approximate sectional
analysis method employed in Response was implemented in a spreadsheet to permit modifications
to the constitutive relationships in MCFT for predicting stirrup strain response in the cracked
condition. The spreadsheet output was verified with that from Response for an example problem
(Vecchio and Collins 1988).

The spreadsheet implementation was compared with instrumented behaviors from three of the
laboratory specimens: 2T12, 2IT12 and 10T24. The spreadsheet predictions for moment-shear
capacity curves (identified as MR in figures) are compared with Response 2000™, AASHTO-
MCFT, and Response capacity curves as shown in Figures 4.26a-c. The spreadsheet
implementation of the approximate MCFT sectional analysis typically provided results above
Response and below Response 2000™. This was likely due to improved convergence control
available with the spreadsheet implementation.
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Figure 4.26a: Shear-moment interactions for capacity prediction of specimen 2T12

220
200
180
160
140
120
100
80
60
40
20

— Ultimate Capacity from Response 2000™
©-© Ultimate Capacity from AASHTO-99 MCFT
#*% [T12 Failure M/V

@@ Ultimate Capacity from MR

#-A Ultimate Capacity from Response

250 500 750 1,000 1,250 1,500 1,750 2,000 2,250 2,500 2,750 3,000
M (k-ft)

Figure 4.26b: Shear-moment interactions for capacity prediction of specimen 2IT12
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Figure 4.26¢: Shear-moment interactions for capacity prediction of specimen 10T24

4.9.2 Amplification Factor for Yielding of the Stirrups at Diagonal Cracks

Based on experimental observations, stirrups adequately bonded to the concrete yielded at
diagonal crack locations. Stirrup strain gages located away from diagonal cracks were at a lower
strain. Thus, there are variations of transverse strain through the height of the section, with some
sections having locally higher strains. For the purpose of estimating the onset of yielding in the
transverse reinforcement, an amplification factor was utilized to relate the average strains over
the section to the maximum stirrup strain at a diagonal crack location.

Average strains were taken over the section height between the compression and flexural
reinforcement, referred to here as DV. Transverse strain distribution may be better represented by
a parabolic shape over the actual shear depth, h, which corresponds with visual observations of
crack widths distributed within the specimen height. An amplification factor is derived from
simple geometry and calculus to relate the average strain over the whole section to a
corresponding maximum strain in a parabolic distribution. The relationship is described by:

£ = 3 (OV) £ (4-21)

arabola_ma: N tave
P -M 2 h

where h is the distance from the flexural tension reinforcement to the edge of the deck/stem
interface for a T-section and the distance from the flexural tension reinforcement to the bottom
of compression zone computed based on an equivalent rectangular stress block at ultimate. For
equal values of DV and h, the strain is locally amplified at mid-depth by 1.5.
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A potential limitation of using this strain amplification approach arises in high moment to shear
(M/V) ratios. At high M/V ratios, the strain in the flexural steel at the bottom of the section may
increase, permitting larger transverse strains at the level of the reinforcement. This may distort
the transverse strain distribution. The new shape exhibits transverse strains greater than zero at
the level of flexural steel due to the reduced constraint. This causes the transverse strain
distribution to trend toward an average transverse strain condition. Therefore, for high M/V
ratios, the amplification factor would be smaller.

Additionally, where repeated stresses may reduce the bond between stirrups and concrete, the
transverse strains through the section would become more like the average strain. Thus, all
stirrups crossing a diagonal crack would tend to exhibit similar strain ranges.

4.9.3 Reloading of Previously Cracked Sections

MCEFT is typically applied for reinforced concrete sections that are initially uncracked. As a
result, the stirrups experience little strain until after cracks form in the concrete. By contrast, in
diagonally cracked sections, the stirrups strain almost from the onset of loading (after crack faces
decompress). For the initial analysis assuming uncracked concrete, the stress at first cracking
was taken as:

fa =41 (f1in psi) (4-22)

Beyond this stress magnitude, cracks begin to form, the concrete begins to soften, and the
stirrups begin to strain more substantially. However, this magnitude of cracking stress no longer
applies for the onset of tension stiffening in a beam already containing diagonal cracks.
Reloading of a cracked specimen induces tension stiffening behavior sooner, once the crack
surfaces have decompressed. To model the cracked condition, a reduced value of f; is required.

Laboratory stirrup strain data from test specimens were analyzed to determine a cracking stress
representative of the force required to compress the crack face. The cracking stress for use in
MCFT was derived from applied shear and stirrup strain relationships in test specimens (where
stress and strain are taken as proportional to one another in the elastic range). The stress
magnitude was selected based upon the shear force level at which significant stirrup strain
deviation was observed. These values were in the range of between 33% and 50% of the initial
cracking stress, with 33% being more typical for strain gages near diagonal cracks, as shown in
Figure 4.27. Therefore, a cracking stress equal to 33% of the initial value was used to analyze the
sections with diagonal cracks to predict reloading stirrup strain response.
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Figure 4.27: Cracking strain, &, determination for specimen 2T12

4.9.4 Stirrup Strain Prediction

Laboratory data were employed to verify the use of a reduced cracking strain for analyzing the
effects of reloading on a diagonally cracked section. The three previously mentioned laboratory
specimens were used for this evaluation. The cracking stress was taken as 33% of the initial
cracking stress, as discussed previously, and the analysis was carried out using the spreadsheet
implementation of the approximate method of sectional analysis using MCFT. Results of this
analysis corresponded well with the reloading branches of the laboratory specimens,
demonstrating that the reduced cracking strain provided suitable modification to MCFT
relationships to reasonably predict stirrup strain reloading behavior for the diagonally cracked
specimens (Figures 4.28 - 4.31). The model for reloading based on MCFT, adjusted with a
reduced cracking strain, can be seen as the dashed curves on each plot. The curve has been
shown both at the origin and offset to the strain where softening behavior is more readily
evident.

In addition, the amplification factors from Equation 4-21 were applied to the model using the
spreadsheet implementation of the approximate sectional analysis by MCFT and compared with
the laboratory data. In general, the results showed that the amplified strains corresponded more
reasonably to the initial loading branch, while the unamplified (average transverse) strains
provided a better correlation with the softened reloading branches after cracking. It is likely that
stirrups on initial loading are well bonded to the surrounding concrete and, therefore, the strains
vary more locally throughout the height of the section, reaching maximum magnitude at the
diagonal crack locations. This is better predicted using the transverse strain amplification factor.
However, upon repeated reloading after cracking, stirrup bond may diminish, permitting more
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uniform yielding over the stirrup leg, thereby approaching the average transverse strain
condition.
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Figure 4.28: V-g, at south side M/V=4 ft for a) specimen 3T12; and b) specimen 2T12
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Figure 4.29: V-g, at north side M/V=4ft for a) specimen 2T12; and b) M/V=6 for specimen 2T12
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Figure 4.31: V-¢ at south side M/V=6 ft for a) specimen 2IT12; and b) specimen 10T24

Experiments on specimens with fully unbonded stirrups indicated that stirrup strains were
uniform (average) across the diagonal crack (specimen 7IT12 and 7T12 in Appendix L3b).
Consequently, stirrup strain for the reloading branch may be better predicted using average
strains over the section height (the unamplified model) due to reduced bond between the stirrups
and concrete. For an in-service diagonally cracked reinforced concrete bridge girder subject to
millions of repeated cycles, average transverse strains may better predict reloading strain
behavior. However, use of amplified transverse strain values results in yield strains at lower load
levels, and is conservative.
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An additional factor that affected the correlation of the predicted strain response and the
experimental results was the location of the strain gage relative to the diagonal crack(s). The
model predicted strains and the empirical strains corresponded reasonably well when a sensor
was located near a diagonal crack location. However, analytically predicted stirrup strains were
not as well correlated with the strain sensor measurements when the diagonal crack was located
away from the strain gage location (Figure 4.30b).

4.9.5 Shear-Moment Interaction Curves for Stirrup Yielding

The reduced cracking stress for the concrete constitutive model permits stirrups to begin to strain
earlier in the loading history. This was used to predict the shear and moment combination that
cause yielding in the stirrups. Two cases were considered: 1) use the average transverse strain to
estimate stirrup strains through the section; or 2) use amplification of the average transverse
strains to predict local stirrup strains at diagonal cracks. The second case results in a lower
estimate of the shear and moment combination required to produce yielding of the stirrups. The
first case may better represent the stirrup stress range for in-service bridge girders having local
bond slip at the stirrups.

The three laboratory specimens were analyzed to predict the shear and corresponding moment
that produced stirrup strains equal to the yield strain at diagonal cracks. Average transverse
strains were used for this analysis, as these better captured the reloading behavior of the
specimens. Analytical results from the approximate sectional analysis indicated that shear and
corresponding moment to produce stirrup yield for specimen 2T12 were approximately 67% of
the ultimate capacity as predicted by the AASHTO-MCFT for M/V ratios from 3 to 20 ft (Figure
4.32); approximately 69% for specimen 2IT12 for M/V ratios from 3 to 10 ft (Figure 4.33); and
63% for specimen 10T24 with M/V ratios from 3 through 20 ft (Figure 4.34).

Considering the shear and corresponding moment curves that predict yield in the stirrups, it was
found that at higher M/V ratios, there is a point at which the stirrups no longer yield before the
capacity of the section is reached. As a result, beam sections with large M/V ratios do not appear
to be prone to low-cycle fatigue damage to the transverse steel.
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Figure 4.32: Shear-moment interaction for stirrup yielding for specimen 2T12
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Figure 4.33: Shear-moment interaction for stirrup yielding for specimen 2IT12
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Figure 4.34: Shear-moment interaction for stirrup yielding for specimen 10T24

410 LIFE PREDICTION FOR LOW-CYCLE FATIGUE

Low-cycle fatigue (LCF) damage to conventionally reinforced concrete beams with diagonal
cracks consists principally of accumulation of plastic strains in the transverse steel and bond
deterioration between the stirrups and concrete. Ultimate failure of laboratory specimens was
primarily dependent on fracture of the stirrups. In order to produce low-cycle fatigue damage to
the stirrups, the peak live load stress combined with the dead load stress must be sufficient to
cause yielding of the stirrups. Laboratory test data of large-scale specimens indicated that most
bonded strain gages applied to stirrups at diagonal cracks indicated strain above the yield range
during load events sufficient to cause incremental increases in the specimen deformation. Strain
ranges remained approximately constant during a given load step, but the mean value of the
strains increased. This accumulation of plastic damage led to stirrup fracture, resulting in the
eventual failure of the specimen.

The observed response of specimens during LCF was characterized by three distinct phases as
illustrated in Figure 4.35. LCF specimen behavior was similar to that reported for bond fatigue
experiments (Balazs 1998). The initial phase was characterized by exponential limiting non-
linearly increasing deformations, as shown in Figures 4.36 and 4.37. The secondary phase
consisted of approximately linearly increasing deformations as shown in Figure 4.38. The
tertiary phase consisted of exponentially increasing deformations that eventually resulted in
beam failure as shown in Figure 4.39.
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Figure 4.35: The three damage phases for low cycle fatigue specimen as illustrated by, force-diagonal deflection
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Figure 4.37: Incremental diagonal displacement during initial damage phase for specimens with similar load ranges
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Figure 4.38: Incremental diagonal displacement during secondary damage phase for specimens with various load
ranges
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Figure 4.39: Incremental diagonal displacement during tertiary damage phase for specimens with various load
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Although two of the three phases consist of nonlinear damage components, the damage is
cumulative and may combine in accordance with Miner’s rule (Bannantine, et al. 1990).
Comparison of the total deformations observed for the LCF specimens with otherwise similar
specimens tested under monotonic conditions, indicated that LCF loading produced increased
deflections, in terms of overall specimen deformation and local diagonal deformation. This
observation was used to establish the deformation capacity of specimens under LCF loading.

Cumulative damage to LCF specimens was ascertained from several different sources.
Centerline deflection provided a more integrated value of cumulative deformation reflecting the
whole specimen, while diagonal displacement provided more localized deformation
characterization, particularly in the failure region. Diagonal deformations provided a better
indicator of beam health, as deformations tended to concentrate in regions rather than be
distributed across the member. Once the limiting diagonal deformation capacity (based on
monotonic specimens) was reached under repeated loads (that produced yield in the stirrups), it
was conservatively assumed that the LCF specimen would fail. All of the LCF specimens
exhibited larger diagonal displacements than corresponding control specimens.

Displacement rates observed in LCF test specimens indicated faster damage accumulation as the
magnitude of the applied load, relative to the capacity, increased. This was also observed during
the secondary phase of damage. For a sequence of loads, whereby a load was applied that was
less than a previous load magnitude, deformation rates in the secondary phase returned
approximately to the rate previously observed at the lower load.
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Specimen life at a constant load range was derived both graphically and by curve fitting the
different phases of damage. Graphical analysis consisted of matching the slope of the secondary
phase and continuing that rate of damage until a stirrup fractured, as illustrated in Figure 4.40. At
that point, a new rate of damage must be used until another stirrup fractured or the tertiary phase
began. A secant line was used to match the rate of the tertiary phase. Graphical analysis of the
second or later load steps was performed in the same manner, but the higher level of the initial
phase was estimated by curve fitting specimens loaded at higher load ratios. The beam was
considered to reach failure once the cumulative deformation from LCF reached the failure
deformation level of the monotonic specimen.
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Figure 4.40: Example of graphical analysis used to estimate the number of cycles to achieve equivalent diagonal
displacement at failure

A second method of analysis was performed by establishing relationships between the rate of
deformation increase with the load ratio for different specimens within the three damage phases.
The initial deformation produced on the first cycle for a specimen must be established as Aj. This
can be estimated from analysis of the section with Response 2000™ (Bentz 2000). Initial
experimental diagonal displacements for specimens with 12in. stirrup spacing and 24in. stirrup
spacing are shown in Figure 4.41 and Figure 4.42, respectively. The initial displacement is
followed an exponential limiting function that can be approximated with the form:

N
y()="37 (4-23)

where the coefficient a is the asymptote achieved after approximately 100 to 200 cycles, N is the
number of cycles, and ¢ and b are empirical coefficients.
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Figure 4.41: Midspan displacement A, with increasing loading ratio for specimens with 12in. stirrup spacing
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Figure 4.42: Midspan displacement A, with increasing loading ratio for specimens with 24in. stirrup spacing
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More damage occurred in the initial phase as the V/V,, ratio was increased as shown in Figure
4.36. More damage also occurred as the stirrup spacing increased as shown in Figure 4.37, for
similar load ratios. Using available initial phase data, coefficient a was derived for the specimens
with 12in. stirrup spacing, as shown in Figure 4.43, and for specimens with 24in. stirrup
spacing, as shown in Figure 4.44.
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Figure 4.43: Coefficient for initial phase of low cycle fatigue for specimens with 12in. stirrup spacing for increasing
V/V, ratios

265



0.072 )
0.06 .0786*X I —

0.064 T
0.06 -
0.052
0.048
0.044
0.04 %
0.036
0.032
0.028
0.024
0.02 %
0.016
0.012
0.008
0.004
0

0.7 0.72 0.74 0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96

VIV,

Initial Phase Coefficient

Figure 4.44: Coefficient for initial phase of low cycle fatigue for specimens with 24in. stirrup spacing for increasing
V/V, ratios

The damage became approximately linear after 200 cycles, as the specimen entered the
secondary phase. Responses from available specimens were used to estimate the slope of the
secondary phase. Several specimens with 12in. stirrup spacing had fewer than 100 cycles at a
given load level, which originally resulted in an overestimation of the secondary slope. This was
overcome by considering only those data after 200 cycles to develop the slope of the secondary
phase.

The slopes of the secondary phase for specimens with 24 and 12in. stirrup spacings are shown in
Figure 4.45 and Figure 4.46, respectively. Damage rates increased as the level of loading
increased or after a stirrup fractured. Strain ranges also increased as the level of loading
increased and after a stirrup fractured. It was decided that the tertiary phase should be neglected
when estimating life, because for the specimens with lower loading ratios the secondary phase
continued until the monotonic deformation limit was reached, and it is conservative to ignore the
relatively small number of additional cycles available in the tertiary phase.
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Figure 4.45: Coefficient for secondary phase of low cycle fatigue for specimens with 12in. stirrup spacing for
increasing V/V,, ratios
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Figure 4.46: Coefficient for secondary phase of low cycle fatigue for specimens with 24in. stirrup spacing for
increasing V/V, ratios
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Fatigue life based on the initial damage and curve fitting of cumulative damage in the first two
phases can be seen in Figures 4.47 and 4.48 for specimens with 12in. and 24in. stirrup spacings,
respectively. Results from the graphical method of analysis are plotted on the same figures. Both
methods achieve similar results.

A method to compare damage rates for different load levels is needed. The load ratio, V/V,,, was
selected as the simplest method to compare different load levels. However, this is valid only for
specimens of the same stirrup spacing. Doubling the amount of stirrup force that can be carried
across a diagonal crack does not double the nominal capacity of the section. An alternative to the
V/V, ratio for specimens of different stirrup spacing may be the applied strain range compared to
the monotonic strain at ultimate, as determined from sectional analysis of members with existing
diagonal cracks.

The number of cycles to failure was generally large even for the load ranges applied to the
specimens. Given the relatively small number of load events that may produce yielding of the
stirrups, the time to reach the anticipated life is expected to be long. However, low-cycle fatigue
failure is possible if loads increase substantially in the future or long-term degradation from
corrosion occurs. Corrosion of stirrups may greatly reduce the stirrup cross-sectional area,
thereby permitting yielding and accumulation of damage from relatively light vehicles.
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Figure 4.47: Number of cycles to failure for different V/V, ratios for girders with 12in. stirrup spacing
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Figure 4.48: Number of cycles to failure for different V/V,, ratios for girders with 24in. stirrup spacing

411 CONCLUSIONS

Five different analysis methods were used to the predict shear capacity of the RC girders and
bent caps with vintage reinforcing details including: ACI method, specialty analysis program
Response 2000™, AASHTO-MCEFT, Strut-and-Tie Method (STM), and the finite element
method. A method to predict service level strains for previously cracked elements was developed
for fatigue analysis. Life estimation for low-cycle fatigue loading was derived from empirically
observed cumulative deformations. Based on these analyses and comparisons with experimental
results, the following conclusions are presented:

The ACI method tended to conservatively predict capacity of specimens. However, it
provided unconservative results for the specimen without stirrups.

AASHTO-MCFT reasonably predicted capacity of the specimens over the range of variables
considered and tended to be slightly conservative compared to Response 2000™.

Response 2000™ reasonably predicted capacity of the specimens over the range of variables
considered, and further provided the best correlation with experimental results.

Accurate modeling of flexural reinforcing details was required to predict specimen capacity
using MCFT analysis methods. Equivalent flexural reinforcing steel areas were used to
account for partially developed bars based on available development lengths.
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The analysis methods reasonably predicted capacity even for specimens with very wide
diagonal cracks and substantial previous damage.

The capacity of specimens with debonded stirrups, which could occur over the life of an in-
service bridge girder subjected to repeated loading, was best predicted using Response
2000™ and reducing the concrete tensile strength to near zero.

The STM method tended to conservatively predict specimen capacity, using simple truss
models.

For bridge elements with small a/d ratios, such as bent caps, the simple single strut models
and the AASHTO-MCFT based methods predicted low capacity compared with factored load
effects. Shear capacity was limited by anchorage of the flexural steel at the bent column
locations. More refined methods and models may be required to better predict capacity of
these elements.

Nonlinear finite element analyses results for a limited number specimens indicated that the
capacity was over estimated and the deformation was underestimated. Response 2000™
provided better member response prediction and was much easier to implement.

Reloading stirrup strain behavior of previously cracked girders was reasonably predicted by
MCFT by incorporating an adjustment factor for the concrete cracking stress.

To provide a better correlation with experimental results during the initial loading phase,
transverse strains in the cross-section were amplified to account for higher stresses in the
stirrups at diagonal cracks, attributed to good bond between the stirrups and surrounding
concrete.

Average transverse strains provided better correlation with experimental results for reloading
conditions, attributed to bond slip from repeated loading.

For in-service bridge girders subject to millions of cycles, average transverse strains may
better predict reloading strain behavior. However, use of amplified transverse strain values
provides a lower yield curve, and is conservative.

For high M/V ratios, there is a limit at which the stirrups may not yield when the section
reaches capacity. This region is unlikely to be susceptible to low-cycle fatigue damage.

The approximate sectional analysis method using MCFT with modified cracking stress,
permitted estimation of a shear and corresponding moment interaction curve that estimated
yielding in stirrups for service level loading.

The shear force and corresponding moment interaction curve can be compared with load
effects to determine the number of cycles that cause yielding in the stirrups for low-cycle
fatigue evaluation.
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Life estimation using low-cycle fatigue was based on three distinct regions of damage
accumulation. Rates of cumulative deformation under LCF were predicted based on loading
ratio and varied for specimen details.

An empirical approach was used to predict cumulative deformations based on projection of
incremental damage in the first two regions. Failure under LCF was chosen to coincide with
the diagonal displacement observed for specimens subjected to the control loading protocol.

Additional refinement of the low-cycle fatigue life prediction is required to provide a
generalized approach. However, under LCF with the high loading ratios investigated,
specimens were able to achieve substantial numbers of cycles before failure.
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