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Increasing load magnitudes and loss of reinforcing steel cross-sectional area from

corrosion creates the potential for low-cycle fatigue (LCF) in conventionally

reinforced concrete (CRC) bridge girders lightly reinforced for shear. LCF of

reinforcing steel may be of particular concern. Little data are available for LCF

of reinforcing steel without stress reversals. LCF tests were performed on 40

specimens of Grade 276 (40 ksi) #13 (#4) reinforcing steel, a widely used bar size

for shear reinforcing in older CRC bridges. Specimens were tested in air and

embedded in concrete. An S-N curve was created for the LCF region and the

observed fatigue life of embedded samples was comparable to those tested in air.

Six (6) full scale girders representative of 1 950s vintage reinforced concrete deck

girder (RCDG) bridges were tested for LCF. It was determined that the shear
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reinforcement controls LCF in shear dominated sections. An analysis

methodology for LCF in girders is developed, as is a methodology for obtaining

post-yield stresses in shear reinforcement. An equation for obtaining equivalent

shear reinforcement spacing after stirrup fracture is developed.
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General Introduction

A large number of vintage conventionally reinforced concrete (CRC) bridges are

lightly reinforced for shear as they contain smaller sized or more widely spaced

stirrups than would be permissible by modem design specifications. Inspections

have identified diagonal cracking of the girders and bents and have raised

concems over the adequacy and remaining life of diagonally cracked reinforced

concrete deck-girder bridges (RCDG). One area of interest is the effect of

repeated service-level overloads on these bridges resulting in low-cycle fatigue

(LCF)

The distinction between low-cycle fatigue and high-cycle fatigue (HCF) is

controversial. Several definitions have been proposed, but low-cycle fatigue can

generally be defined as fatigue that results in failure in less than 10,000 cycles and

contains inelastic deformations (Dowling 1999). It is possible to have a

coincidence of modem heavy permit vehicles sufficient to cause yielding of the

stirrups in vintage CRC bridges (Higgins 2004). Reinforcing steel in these bridge

members is not subjected to significant stress reversals under vehicular loads. In

addition, environmental effects, such as corrosion, may cause a reduction in the

cross-sectional area of the reinforcing steel. This reduction may cause the steel to

yield under service level loads. Increased magnitude and volume of vehicular
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loads combined with possible reinforcement corrosion in the future are likely to

increase the potential for low-cycle fatigue damage to lightly reinforced bridge

superstructure components.
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Abstract

Increasing load magnitudes and loss of reinforcing steel cross-sectional area from

corrosion creates the potential for low-cycle fatigue (LCF) of structural members

under repeated overloads. LCF of reinforcing steel may be of particular concern

for conventionally reinforced concrete (CRC) bridge girders lightly reinforced for

shear. Little data are available for LCF of reinforcing steel without stress

reversals. LCF tests were performed on 40 specimens of Grade 276 (40 ksi) #13

(#4) reinforcing steel, a widely used bar size for shear reinforcing in older CRC

bridges. Specimens were tested in air and embedded in concrete. An S-N curve

was created for the LCF region and the observed fatigue life of embedded

samples was comparable to those tested in air.
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Introduction

The distinction between low-cycle fatigue (LCF) and high-cycle fatigue (HCF) is

controversial. Several definitions have been proposed, but low-cycle fatigue can

generally be defined as fatigue that results in failure in less than 10,000 cycles and

contains inelastic deformations (Dowling 1999). Low-cycle fatigue without stress

reversal may be of significance for practical structures. Older structures, such as

conventionally reinforced concrete bridges, may be very lightly reinforced for

shear and it is possible to have a coincidence of modem heavy permit vehicles

sufficient to cause yielding of the stirrups (Higgins, 2004). Reinforcing steel in

these bridge members is not subjected significant stress reversals under vehicular

loads. Additionally, bridges subjected to environmental damage, such as

corrosion, may contain rebar with significantly reduced cross-sectional areas.

These reduced areas may be subjected to stresses above the yield limit under

service-level loads. Increased magnitude and volume of vehicular loads combined

with the likelihood of reinforcement corrosion in the future will increase the

potential for low-cycle fatigue damage to lightly reinforced bridge superstructure

components.

Background

Previous research on low-cycle fatigue of reinforcing steel without reversals is

very limited. Much of the prior work on fatigue of reinforcing steel is focused on



high-cycle fatigue, low-cycle fatigue under stress reversal, and bond fatigue.

Pfister and Hogenstad (1964), Burton (1965), Hanson et. al. (1968), and Bannister

(1969) conducted research on the high-cycle fatigue of reinforcing steel but did

not include samples in the LCF region. Helgason et. al. (1976), conducted

extensive research on the high-cycle fatigue of reinforcing bars and included only

one specimen in the LCF region. Pasko' s (1973) research also concentrated on the

high-cycle fatigue region and included only two specimens in the LCF region.

HCF research on reinforcing steel indicated cracks initiated at the base of the

transverse Tugs. Stress range was the primary factor affecting the fatigue life of

rebar although mean stress, bar diameter, grade of steel, and deformation pattern

also have some influence.

Detailed studies on low-cycle fatigue of reinforcing steel were conducted by

Mander et. al. (1994) and Brown and Kunnath (2004), but this work focused

primarily on strain reversals for seismic applications. High-cycle fatigue in beams

under shear has been researched by Hawkins (1974), Ueda and Okarnura (1981,

1983), Teng et. al. (1998), and Kwak and Park (2001). Manfredi and Pecce (1996)

studied LCF on concrete beams under bending. Low-cycle fatigue in RC members

has also been studied by Chung et. al. (1989), Thomson et. al. (1998), El-Bahy et.

al. (1999), and Erberik and Sucuoglu (2004) who concentrated on low-cycle

fatigue as it applies to seismic loading.
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Another factor affecting the behavior of reinforcing steel in fatigue is the

interaction of the bar with the surrounding concrete. Rehm and Eligehausen

(1979) and Balázs (1998) conducted research on bond behavior under repeated

loading. Results showed that under fatigue loading, bond slip initially increases in

a non-linear fashion then becomes gradually linear over the majority of the fatigue

life, and then prior to failure, again becomes non-linear. These experiments were

performed for reinforcing bars cycled in the elastic range.

Research Significance

Increasing vehicle load volume and magnitude as well as environmental damage

creates the possibility of low-cycle fatigue without stress reversals in lightly-

reinforced concrete members. This area has not previously been investigated. A

further understanding of LCF behavior of reinforcement without stress reversal is

required to predict LCF behavior of CRC bridge elements under repeated

overloads.

Research Approach

Characterization of the LCF region for reinforcing steel without stress reversals

was performed by conducting tests of rebar samples both in air and embedded in

concrete. Initial tensile tests were performed to characterize the monotonic

constitutive behavior of the rebar used in the subsequent LCF test program.

Reinforcing bar size #13 (#4) with a nominal yield strength of 276 MPa (40 ksi)



was studied. The samples were taken from a single heat of steel manufactured to

ASTM A615-00. The chemical composition of the heat was C: 0.32, Mn: 0.63, P:

0.008, S: 0.027, Si: 0.23, V: 0.002, and Ce: 0.45. The Grade 300 (40) #13 (#4)

reinforcing bar size represents a typical stirrup size used widely for

conventionally reinforced deck-girder bridges designed from the 1940's to

1960's. The grade nominally corresponds to the ASTM specified Intermediate

Grade steel used at the time.

Previous research (Helgason et al. 1976 and Hanson 1968) noted that the ratio of

the base of the lug radius to the height of the lug, r/h ratio, was an important

factor for the fatigue life of the reinforcement. To assess the nh ratio, samples

were taken from 6 different 6.1 m (20 ft) lengths of rebar. Samples were

machined in half longitudinally. The machined samples were then placed on a

flatbed scanner and an image of the cross section was obtained as shown in Fig.

2.1. The base of lug radius, height of lug, distance between lugs, and lug width

were measured using a commercially available computer-aided drafting program.

Reference grids were included in the original scan to ensure no optical distortion

was included in the image. The average measured deformation pattern dimensions

follow: bar diameter = 12.2 mm (0.48 in.), height of deformation = .67 mm (0.026

in.), lug spacing = 5.1 mm (0.20 in.), lug width = 3.6 mm (0.128 in.) and the nh

ratio = 0.39. Review of past ASTM deformation and material requirements for

reinforcing steel, ASTM A305-50T (1950) and ASTM A15-50T (1950), showed



that the requirements remain virtually unchanged to the modem ASTM A615-00

specification. This indicates that vintage reinforcing steel may tend to have

similar stress concentrations associated with the deformation patterns and crack

propagation as those for modem reinforcing steel of similar grades, although

additional work with vintage reinforcing bars will be required to fully justify this

tendency.

,.. ....

- I..

,-

Fig. 2.1. Example of reinforcement cross section with a circle representing
the base of lug radius.

To characterize the monotonic material response, 10 specimens were tested

monotonically in a 490 kN (110 kip) capacity universal testing machine.

Reinforcing bar samples were cut into 84 cm (33 in.) long specimens to obtain the

same overall gage length as that used for the subsequent fatigue tests. Strain was

measured using a 51 mm (2 in.) gage length extensometer. Elongation was also

measured by marking a 51 mm (2 in.) gage length prior to testing and measuring
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the elongation after testing with a digital micrometer. Tests were performed in

displacement control using a closed-loop servo-hydraulic system with a loading

rate of 0.18 mm (0.005 in.) per minute. The stress-strain responses for all

specimens are shown in Fig.2.2. The yield stress, Young's Modulus, ultimate

stress, and the strain at ultimate stress for each sample are shown in Table 1. The

yield stress used in the subsequent testing program was taken as the average stress

on the yield plateau. The yield stress and yield strain reported in Table 1 were

taken at the initial sign of inelastic behavior.
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Fig. 2.2. Average stress-strain response showing 5% and 95% confidence
fractiles for #13 reinforcement specimens tested under monotonic
tension.
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Table 2.1. Monotonic properties of tested specimens

Point at
Which

Initial Yield Strain
Yield Stress Yield Yoimgs Hardening Ultimate Ultimate
Stress Plateau Strain Modulus Begins Stress Strain

Specimen MPa MPa ac MPa MPa
1 359.8 357.2 1686 212 17572 542 156167
2 346.8 350.3 1811 193 16936 539.3 162167
3 348.9 346.8 1795 193 15554 544.3 165972
4 351.3 349.6 1843 190 16087 545.5 175513
5 365.1 360.1 1965 183 15326 556.8 159551
6 357.9 351.7 1770 199 15137 549.2 148630
7 356.4 358 1669 214 15465 548.5 158060
8 356.7 353.4 1732 204 16422 543.3 151372
9 357.8 355.1 1793 198 17043 544.9 151985
10 348.4 352.4 1664 212 14150 546.8 160159

Mean 354.9 353.5 1773 200 15969 546.1 158958

Cyclic tests were conducted using a 400 kN (90 kip) capacity hollow-core ram

actuated using a 57 L (15 Gal.) per minute hydraulic servo-valve. Overall

specimen length was the same as that used in the previous monotonic testing and

specimens were also marked with a 51 mm (2 in.) gage length prior to testing. Re-

usable prestressing strand chucks were used to grip the specimen ends and these

were anchored against 25 mm (1 in.) steel plates. The overall length of steel

between loading points was 49 cm (19.25 in.). Load was measured with a 222 kN

(50 kip) capacity hollow-core load cell. The test setup is shown schematically in

Fig. 2.3. Specimens were carefully aligned in the test setup to minimize bending
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induced stresses. Overall displacement of the bar was measured with a 25.4 cm

(10 in.) capacity string potentiometer. Tests were conducted in load control using

a closed-loop servo-hydraulic system. Load was applied to the specimen at a rate

of 10 kN (2.25 kips) per minute. On the initial loading cycle, the specimen was

held at the maximum load until creep behavior was no longer observed. The

specimen was then subjected to cyclic loading at a rate of 1 Hz. A minimum stress

of 17.2 MPa (2.5 ksi) was maintained in order to prevent shifting of the specimen

and anchorage attachments within the setup. Four different stress ranges were

used to characterize the LCF region. These ranges were 5O3MPa (73 ksi), 486

(70.5 ksi), 469 MPa (68 ksi), and 462 MPa (67 ksi), corresponding to 91.5%

89.0%, 85.9%, and 84.6% of the average monotonic ultimate stress, respectively.

Stresses below this range would result in higher numbers of cycles, considered

beyond the LCF threshold for this study. Cyclic loading was applied to each

specimen until fracture. Cycles to failure and elongation within the 51 mm (2 in.)

marked gage length were recorded for each specimen. No specimen failure was

observed at the gage length markings.
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48.9cm

Specimen, #4 fy=354 MPa

restressing thuck

2.54 cm Steel plate

222 KN load cell

400 KN hydraulic actuator

Spacer

Fig. 2.3. Testing apparatus for in-air cyclic loading of reinforcing steel.

Ten specimens were tested at each stress range. All of the specimens exhibited

fractures originating from cracks that initiated at the base of the transverse lugs.

The fracture was along the plane of the transverse lugs except in two specimens

which fractured near anchorage connections. Transverse lugs adjacent to the

fracture exhibited visible cracks that had not fractured. These cracks were further

inspected by bending the fatigued rebar until it fractured, revealing the cracked

cross section. Examination of the cracked cross section showed that the fatigue

cracks had progressed approximately halfway across diameter of the rebar without

fracture.
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The resulting data for stress range and number of cycles to failure were fitted to a

lognormal distribution. The lognormal distribution was tested for goodness of fit

using the inverse CDF method (Rosowsky, 1997) as shown in Fig. 2.4. The

resulting cumulative distribution functions are shown in Figs. 5a-d. The data were

used to populate a stress-range vs number of cycles to failure curve (S-N curve) as

shown in Fig. 2.6. Lines representing the mean cycles to failure as well as lines

representing the 5% and 95% fractiles for cycles to failure are shown in the

figure. Linear regression of the data provided the following S-N relationships:

S = 625.3 42.8 log(N) [i
S5% = 605.4-40.1 log(N) [2]

S95% = 645.8 46.11og(N)

where S , S5%, and S95% are the mean and 5% and 95% fractile stress ranges,

respectively (MPa), and N is the number of cycles to failure. An almost linear

relationship was observed between the number of cycles at failure and the average

strain (over the entire specimen length) just before failure, as seen in Fig. 2.7. The

values of average strain at failure were above the strain at ultimate stress for the

monotonic specimens when the number of cycles to failure was below 6500. For

few very large overloads, the LCF strain amplitude at failure in the reinforcing bar

would tend to be larger than that predicted from monotonic results.
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Fig. 2.6. LCF S-N curve for Grade 300 #13 reinforcing bar
without stress reversals.
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The effect of concrete bond on LCF of small diameter reinforcing bars under

cyclic loading without reversals was also investigated. The #13 (#4) reinforcing

bars were cast in 35.6 cm x 533.4 cm x 1498.6 cm (14 in. x 21 in. x 59 in.)

concrete blocks. The concrete block was designed to represent the top half of the

stem of a full-size conventionally reinforced concrete girder. The bars were

anchored around a #36 (#11 bar), which represents the flexural steel in the deck,

with a 90° hook detail. To reflect the hook length used in 1950's reinforced

concrete deck girder (RCDG) bridges, the tail length was 11.4 cm (4.5 in.) instead

of using the current detailing requirement (ACI 318-05). The top plane of the

block with the stirrup leg protruding represents a diagonal crack interface at mid-

height of the stem. To test the reinforcing bars embedded in the block, the loading

apparatus was placed over the protruding stirrup leg and tested in the same

manner as that for the in-air specimens. The testing setup is shown schematically

in Fig. 2.8.
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Fig. 2.8. Testing apparatus for in-concrete cyclic loading of reinforcing steel.

Results of fatigue tests for the stirrups embedded in concrete are also shown in

Fig. 2.6, where the embedded specimens fall within the statistical distribution of

the in-air specimens at the same stress range. The observed fracture was again

along the plane of the transverse lugs similar to the in-air specimens. All of the

embedded specimens exhibited fractures that occurred above the concrete-air

interface. As the reinforcing bar is repeatedly loaded inelastically without

reversals, some concrete bond degradation was observed. Specimens exhibited

small spall cones around the stirrup leg and increases in overall specimen
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deformation at failure. The bond deterioration resulted in a progressively longer

gage length with a larger portion of the bar subjected to inelastic stress. However,

because the unembedded portion of the sample was subjected to high stress for

more cycles than the portion of the reinforcement initially fully embedded, failure

occurred in the in-air portion of the specimens. If the rebar sample had contained

a more significant flaw below the concrete-air interface, fracture could occur at

that location as debonding progresses. This may occur even if the section is

subjected to a lower stress (due to bond stresses) or at fewer cycles or both. The

in-air performance provides a lower bound for the fatigue performance of tensile

loaded samples without reversals because all defects along the gage length of the

sample are subjected to the same stress levels for the same number of cycles.

The fracture surfaces of selected samples were inspected using a scanning

electron microscope. Digital images were produced of the fracture surfaces at

magnifications ranging from 7.1X to 250X. The fractured surfaces were compared

to fractographs in the American Society of Metals Handbook (ASM 1987). It was

difficult to ascertain the fracture origin from the SEM pictures. Beach marks were

not readily visible nor was there a clear distinction between the fatigue crack and

the fast-fracture surface. This is a departure from high-cycle fatigue fracture in

reinforcement where the crack initiation, crack growth, and the fast fracture

surface are more clearly discernable.



Conclusions

LCF tests without stress reversals for #13 (#4) ASTM Grade 6 15-00 (f 276

MPa) reinforcing bars were conducted. The specimens were tested both in air and

embedded in concrete. Results were used to develop an S-N curve for LCF

behavior without stress reversals. Based on the reported laboratory results, the

following conclusions are presented:

A lognormal distribution provided a reasonable fit for test results of LCF

fatigue without reversal on the reinforcing bars.

A series of equations were developed to describe the LCF relationship

between stress range and number of cycles to failure for mean and the

5% and 95% fractiles.

Average specimen strain prior to failure became smaller as the number of

cycles increased (corresponding to smaller inelastic stress ranges).

Average specimen strain just before failure was larger than the strain at

ultimate stress for monotonic specimens when the number of cycles was

less than 6500.

LCF test results of specimens in concrete were similar to those

conducted in air.

Fracture from LCF of reinforcing steel without stress reversals originated

from cracks initiated at the base of the transverse lugs.

Cracks propagated across approximately 50% of the reinforcing bar area

without fracture.
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it was difficult to differentiate the crack initiation site, crack propagation,

or fast fracture surface of LCF fracture surfaces with inspection by SEM.

Additional research is underway at Oregon State University to characterize the

LCF behavior of reinforcing steel without stress reversals in vintage steel

obtained from 1950's era RCDG bridges and additional samples are being sought

by the authors.
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Abstract:

Increasing load magnitudes and loss of reinforcing steel cross-sectional area from

corrosion creates the potential for low-cycle fatigue (LCF) in conventionally

reinforced concrete (CRC) bridge girders lightly reinforced for shear. Six (6) full-

scale girders representative of 1 950s vintage RCDG bridges were tested under

LCF conditions. Progressive fracture of stirrup reinforcement under LCF led to

eventual specimen failure. A methodology for analysis of LCF in girders was

created using modified compression field theory to compute stirrup stress ranges

and a linear damage model to estimate the life of a CRC girder under repeated
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overloads. An equivalent stirrup spacing was used to model progressive stirrup

fracture.

Introduction

Large numbers of vintage conventionally reinforced concrete (CRC) bridges that

are lightly reinforced for shear remain in-service in the national bridge inventory.

These bridges contain smaller sized or more widely spaced stirrups than would be

permissible by modem design specifications. Additionally, those constructed in

the 1950's contain poor flexural anchorage and cutoff details. Routine visual

inspections of reinforced concrete deck girder (RCDG) bridges in Oregon recently

identified diagonal cracking of the main girders and bent caps that has raised

concern over the remaining life of these bridges. One area of interest is the effect

of repeated service-level overloads on these bridges. Currently, there are no

methods available for life prediction of these bridge elements under shear

dominated response.

Background

Significant previous research has been conducted on the fatigue of reinforcing

steel and reinforced concrete members. However, the focus has been on fatigue

under high-numbers of repeated loading and low-cycle fatigue under reversed

cyclic loads (seismic). Pfister and Hogenstad (1964), Burton (1965), Hanson et.

al. (1968), Bannister (1969), Jhamb and MacGregor (1972), and Helgason et. al.
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(1976) characterized the high-cycle fatigue behavior of reinforcing steel. Pasko

(1973), Mander et. al. (1994), and Brown and Kunnath (2004) investigated low-

cycle fatigue of reinforcement focusing on reversed cyclic loading consistent with

seismic loading. Hsu (1981, 1984), Cornellisen (1984), and Martin-Perez and

Pantazopoulou (1998) conducted research on the high-cycle fatigue of concrete

material. High-cycle fatigue effects on bond were investigated by Rehm and

Eligehausen (1979) and Balázs (1998). Research has been conducted on shear

fatigue loading of CRC beams by Chang and Kesler (1958), Hawkins, (1974),

Ueda and Okamura (1983), Teng et. al. (1998), and Kwak and Park (2001), but

this has primarily concentrated on the high-cycle fatigue region and the tests have

been conducted on relatively small specimens. Hwang and Scribner (1984),

Thomson et al. (1998), and El-Bahy et al. (1999), investigated low-cycle fatigue

(LCF) of concrete structures focusing on a very low number of cycles to failure,

caused by seismic loading containing significant stress reversals. Research on

LCF without reversals in structures is limited to flexure of concrete beams by

Manfredi and Pecci (1996).

For long service life, ACT Committee 215 (1992) recommends a maximum

service level stress range, r, of:

°r =161.33cr [1]
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where 0min (MPa) is the minimum stress. The value for °r need not be taken as

less than 138 MPa (20 ksi). The AASHTO standard specification specifies a

maximum service level stress range, including impact loads as:

°r :=145-33 [2]

where amjn (MPa) is the minimum stress, and r/h is the ratio of base of lug radius

to transverse defonnation height. The nh ratio is very difficult to measure

accurately and consistently and when the nh ratio is not known, a value of 0.3 is

recommended by the Specification. The specified stress ranges would tend to

minimize LCF for new construction. However, it is possible to have service-level

stress ranges exceed the yield limit of shear reinforcement for lightly reinforced

CRC bridge girders (Higgins et. al., 2004). Additionally stress ranges in

reinforcing bars will likely increase as vehicular loads increase in the future or if

reinforcement as subject to corrosion. These combined effects increase the

potential for LCF in bridges that are lightly reinforced for shear.

Research Significance

Stirrup stresses in lightly-reinforced vintage concrete bridges may exceed the

elastic limit under service-level overloads. Repeated overloading of these

members may cause the potential for low-cycle fatigue whereby the member

capacity is diminished. These overload conditions can occur from special permit

loads, the coincidence of heavy permit loads, or corrosion effects that might
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locally reduce the cross-sectional area of reinforcement. A further understanding

of the low-cycle fatigue behavior and methodologies for estimation of low-cycle

fatigue life for CRC bridge elements are required.

Experiment Description and Observations

Low-cycle fatigue tests of six full-scale reinforced concrete girders were

performed. Specimens were designed to reflect 1950's vintage RCDG bridge

girder proportions and material properties. Specimen cross section was 1219 mm

(48 in.) overall height with a 356 mm (14 in.) wide stem and included a 152 mm

(6 in.) thick deck portion that was 914 mm (3 ft.) wide (Fig. 3.1). The beams were

tested in both the T (deck in compression) and inverted-T (deck in tension)

configurations. Different shear reinforcement, flexural anchorages, and flexural

cutoff details were tested as shown in Fig. 3.2. Shear reinforcement was ASTM

A615 Grade 300 (40 ksi.) while flexural reinforcement was Grade 420 (60 ksi).

Material properties for the specimens are shown in Table 1.
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Table 3.1. Material properties for low-cycle fatigue specimens.

Crack

.
Stirrup Flexural Span MN VR2K

Width
V0/

@ NotesLengthSpecimen
(MPa) (MPa) f (MPa)

(m)
(m) (kips V load

(mm)

cut
T6 31.6 353.5 493.7 6.61 1.95 1105 0.95 0.76 stirrup

cut
1T6 30.0 353.5 515.7 6.61 1.90 1228 0.75 1.78 stirrup

1T12 29.7 353.5 477.1 6.61 1.90 920 0.91 1.27

cut
ITI2C 31.8 353.5 488.1 6.61 1.90 890 0.91 0.64 Flexural
T12 32.0 353.5 488.1 6.61 2.31 862 0.87 1.02

T24 23.8 353.5 477.8 7.32 2.30 561 0.85 1.27

Test specimens were initially cracked to impose diagonal cracks commensurate

with inspection data of in-service bridges. Typical initial diagonal crack widths at

the maximum load prior to starting LCF loading are shown in Table 1. Load was

applied to the specimens using a 2224 KN (500 kip) capacity hydraulic actuator.

Tests were conducted in load control using a closed-loop servo-hydraulic system.

Loading during initial cracking was applied in 222 KN (50 kip) increments and

followed with unloading before increasing to the next higher load magnitude.

Strains were measured by bonded strain gages placed at mid-height of the shear

reinforcement prior to casting the concrete. Diagonal-crack widths were measured

visually using a crack comparator during the initial cracking process. Once
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prominent diagonal cracks were identified, displacement sensors were placed

perpendicular to the crack direction to measure crack deformation. Stirrups

crossing the prominent diagonal cracks were exposed by chipping away concrete

and allowing strain gages to be applied to the exposed stirrups. Centerline

displacement was measured as were diagonal displacements across the web. A

typical instrumentation scheme is shown in Fig. 3.4.
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51 mmdia
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Fig. 3.4. Instrumentation for typical LCF Specimen.
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The beams were subjected to high-magnitude cyclic loads without reversal after

cracking. Repeated loading was applied to the specimens at a nominal rate of 0.7

Hz. Load magnitudes were increased for some specimens if the member response

became linear (secondary phase response as described later). Load histories

imposed for each of the specimens can be seen in Fig. 3.5. Both local and global

responses were continuously monitored during the tests. Example diagonal

displacement response across the eventual failure crack for all LCF specimens can

be seen in Fig. 3.6.
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Fig. 3.5. Load history for the following LCF specimens:
a) 1T12, b) T6, c) 1T6, d) T12, e) IT12C, T24.
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The member displacement and stirrup strain responses were observed to have

three distinct phases which are similar to those reported for bond fatigue (Balázs

1998). An initial phase consisted of non-linearly increasing displacements and

strains with amplitude increases for successive cycles becoming progressively

smaller. The secondary phase consisted of approximately linearly increasing

displacements and strains. The final phase consisted of rapidly increasing



displacements and strains that end in beam failure. The three phases of low-cycle

fatigue are illustrated in Fig. 3.7 for specimen T24.
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When specimens were observed to exhibit secondary phase response at a given

load range, a higher level of loading was applied to the specimen. The specimen

response to the newly increased load amplitude was observed to have

characteristics of an initial damage phase. Damage during the secondary phase

accumulated more quickly for the higher levels of loading than at the lower load.

When the load amplitude on a specimen was reduced, the specimen exhibited the

secondary phase of response immediately at the lower load level. The observed
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rates of displacement and strain increase in the secondary phase were less than

those of the higher load.

Stirrup strains were negligible until formation of diagonal cracks and exhibited

nonlinear response after reaching the yield point during concrete diagonal-crack

propagation. However, stirrup strains behaved linearly upon reloading until a load

amplitude above the previous maximum was obtained. Specimens with flexural

bar cutoffs in the flexural tension zone and subjected to both high shear and high

moment exhibited higher strains than corresponding specimens without the cutoff

detail. Stirrup strains at mid-height of the web were observed to be higher in the

beams with the cutoff detail at equivalent load levels. Correlation of the actual

average stirrup stress with the measured stirrup strains is subject to some

experimental uncertainty related to the strain gage location on the reinforcement

relative to the diagonal crack location, degree of debonding associated with initial

installation and damage process during testing, location of the strain gage within

the deformation pattern on the reinforcement (for those installed after cracking),

and the gage length of applied strain gages. These make direct correlation of in-

situ stirrup strain to stress using monotonic constitutive relationships uncertain.

However, the relative magnitudes of stirrup strain in different specimens,

indication of yielding, and degree of inelastic strain (if not the exact stress

magnitude) provided distinction between specimens.



Stirrup fractures were observed during LCF testing. Beams did not fail

immediately after the first stirrup fracture was observed, but failed through

progressive damage and the fracture of additional stirrups. None of the beams

failed as a result of flexure, anchorage loss, or flexural reinforcing steel fracture.

All specimens exhibited shear-compression failures after stirrup fracture,

indicating the stirrups primarily controlled LCF failures.

The test program included two specimens with 152 mm (6 in.) stirrup spacing.

These specimens were chosen to investigate progressive stirrup fracture, with one

specimen subjected to constant load amplitude and the other to variable load

amplitude. The specimens were subjected to LCF loading and stirrups were

periodically cut to simulate progressive damage from stirrup fracture. Stirrup

strain redistribution was noted after a stirrup was cut. It was observed that for the

closely spaced stirrups, strains increased more significantly in the adjacent

stirrups on the same face than that of the stirrup leg directly opposite the cut

stirrup. When the spacing in the face of the web became larger than the spacing

across the web between the legs of a stirrup, then strains tended to redistribute

more toward the closest available stirrup leg.

Additional experiments were also performed to assist in analyzing the LCF life of

the reinforced concrete girders. Forty (40) LCF tests and 10 in-concrete LCF tests

were conducted on pieces of the stirrup reinforcement taken from the same heat of
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steel as that used in the girders. A non-reversing LCF load was applied to the

specimens until fracture. The following equations were found to represent the

mean and 5% and 95% fractiles for cycles to failure:

S = 625.3 42.8 log(N) [3]

S5% = 605.4 40.1 log(N) [4]

S95% = 645.8 46.11og(N) [5]

where S , S5%, and S95% are the mean and 5% and 95% fractile stress ranges

(MPa), respectively, and N is the number of cycles to failure. Ten samples of #13

(#4) reinforcing steel were also tested monotonically to characterize the stress-

strain response of the reinforcement. A complete description of the stirrup

reinforcing steel tests and findings is found in Forrest, 2005.

Analysis of Specimens for Low-Cycle Fatigue

Data obtained from the LCF tests without stress reversal of #13 (#4) reinforcing

bars were used to analyze the LCF life of the CRC girder specimens. The first

required step was to estimate the stress range in the shear reinforcement at the

cross-section of interest. A specialty computer analysis program called Response

2000 (R2K) (Bentz, 2000) was used to estimate the stirrup strains in the cross

section. The program uses sectional analysis and is based on modified

compression field theory (Vecchio and Collins, 1986). Concrete and reinforcing

steel material properties, obtained from those used in the specimens, were input
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into the program. The default concrete tensile strength of O.45(f')°4 (MPa) was

used in the program. To perform the analysis, the section response option in R2K

was used and the moment to shear ratio (MN) was taken at the mid-height

location on the failure diagonal crack.

Modification to the stirrup material input for R2K was required to reflect the

observed stirrup constitutive behavior for the LCF specimens. When the default

stirrup material rules are used, the resulting stirrup stresses are only slightly above

the yield point and indicated nonlinear response due to yielding. However, under

the repeated load in the secondary phase of response, where much of the fatigue

life is found, the stirrups effectively behave linear-elastically due to the cold-

working done by the loading. This linear behavior was approximated in R2K by

increasing the yield stress for the shear reinforcement to that of the ultimate stress

found from the monotonic stirrup sample tests. The average stirrup stress was

then calculated by selecting an applied shear magnitude corresponding to that

observed in the full-scale specimen for the MN ratio at the failure diagonal crack.

This shear also included the self-weight of the member on the failure crack. As

will be seen, this approach for estimating stirrup stress provided a good

approximation for the LCF life of the CRC girder specimens.

The maximum average stirrup stress at the section was chosen from the program

output to estimate the number of cycles to failure for the girder. The number of
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cycles available for the given stress range was determined based on the

reinforcing steel S-N curves developed for the stirrups. The corresponding N,

N5%, and N95% values were obtained from Eqs.3-5. This fatigue life in terms of

the number of load cycles to failure was determined using a linear damage rule

first introduced by Palmgren (1924) and later revised by Miner (1945):

nl n2 n3 n
[6]

N1 N2 N3 N

where n, = the number of cycles at a particular stress range and N the number

of cycles to failure at a particular stress range. The implementation of the linear

damage accumulation for an example variable amplitude loading history is

illustrated in Fig. 3.8. In sections that are very lightly reinforced for shear, failure

of the specimen occured shortly after fracture of the first stirrup. Thus, prediction

of member failure was based on fracture of the first stirrup. Non-linear damage

rules may also be considered to incorporate load sequence effects and stress

amplitude dependence. However these require substantial additional testing to

effectively determine model shaping constants to fit the wide range of variables,

can be significantly more complicated, and may not provide better life estimates

for actual conditions (Bannantine et al., 1990). In particular, field conditions can

have very large uncertainties associated with them and nonlinear damage models

may not be of practical value.
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For specimens with tightly-spaced stirrups, failure did not occur soon after the

first stirrup fracture. For cases incorporating progressive fracture of stirrups

(simulated experimentally by cutting stirrups), analysis was performed using an

iterative approach. As observed in the experimental results, stirrup strains did not

necessarily redistribute directly across the web to the remaining leg of the

fractured stirrup, but may redistribute to adjacent stirrups on the same face. The

effects of stirrup fracture was modeled by developing an effective stirrup spacing

for the section. The effective stirrup spacing was then used in R2K to perform

subsequent analysis. The effective spacing of stirrups crossing the diagonal crack

was computed as:

d
Seff= [7]

ns
dcotO------

2

where n is the number of fractured stirrup legs, d is the distance between the

flexural compression and tension resultants, s0 is the original stirrup spacing, and
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0 is the angle of the diagonal crack (the crack angle based on AASHTO Table

5.8.3.4.2-1 (AASHTO LRFD 2004) may be appropriate to use if the true angle is

unknown). The effective stirrup spacing would be more precisely defined, if

possible, from visual inspection of the diagonal crack and determining the actual

number of stirrup crossings.

The linear damage rule was again applied for the new stirrup stress level to

determine the damage in the section. Sections with stirrup spacing of 305 mm (12

in.) and larger were analyzed for progressive stirrup fracture using this method

but in some cases failure was computed after the first stirrup fracture because the

section could not redistribute the internal stresses. Based on experimental results,

specimens with wide stirrup spacing were able to continue carrying load after the

first stirrup fracture, when the applied load range remained below the capacity of

the section containing the fractured stirrups. The analysis method that computed

member failure based on first fracture provides a more conservative life

estimation and the interactive method including stress redistribution is better

suited for small stirrup spacing or lower applied load magnitudes.

Low-cycle fatigue life analysis using average stirrup stresses from R2K and the

shear reinforcement S-N curve resulted in slightly unconservative (longer

predicted life than observed) fatigue lives relative to the mean line. The applied

shears used in the section calculations in R2K need to be increased to calibrate the



observed number of cycles with the required stirrup stress range to the mean

number of cycles to failure. The applied shear was increased by a factor of 1.0 to

1.05 above the experimental values which resulted in mean predicted lives similar

to the experimentally observed fatigue life. This increase in the shear magnitude

reflects the inherent uncertainty in determining the local stirrup stresses resulting

from dimensional (stirrup spacing, member dimensions, MAT location), material

(stirrup properties and f'), and behavioral variability (shear and moment

interaction with localized bond deterioration). However, the analysis method

provided reasonably good correlation given the problem complexity. A nominal

increase in applied shear of 10% resulted in consistently conservative analysis

results relative to the mean line. Using this analysis procedure, low-cycle fatigue

life curves for the girder specimens were developed. The V-N curves for the

specimens are shown in Fig. 3.9. Tested specimens are represented in Fig. 3.9

using an equivalent constant amplitude shear load range derived from the linear

damage rule:

VReqv =/-VR13 [8]

Where Vrj is the jth shear-load range(KN), n1 is the number of cycles observed for

the ith shear-load range and N0 is the total number of cycles at all shear-load

ranges. It is important to note that inherent in these curves is the shear and

moment interaction at the critical section, from the MCFT based analysis

methodology in R2K, and not simply the shear force magnitude. As can be seen in
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Fig. 3.9, the effect of the flexural bar cutoff (Specimen IT12C) resulted in reduced

low-cycle fatigue life compared to an otherwise similar specimen without the

flexural cutoff detail (Specimen 1T12).
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Fig.3. 9. LCF life prediction curves for LCF Specimens:
a) 1T12, b) IT12C, c) T12, d) T24.

Comparison analyses were conducted using the above methodology for 305 mm

(12 in.), 457 mm (18 in.), and 610 mm (24 in.) stirrup spacings for a cross section

containing flexural reinforcement and MN ratio as specimen T12 (Fig. 3.2).

Materials were held constant for these analyses. Analysis results are shown in Fig.

3.1 Oa. It can be seen that increased stirrup spacing reduced both the nominal



capacity of the section and the fatigue life of the section. The same section was

analyzed with consideration of a cutoff of 3 of the 6 flexural bars located 1.2 m

(3.8 fi) from the support. The cutoff detail was incorporated in the R2K analysis

using an area of tension steel based on the percentage of the capacity of the

partially-developed cutoff bars available at the critical MIV section. As seen in

Fig. 3.1 Oa, the cutoff detail reduced the fatigue life of the section. This same

girder T-section was analyzed with constant 305 mm (12 in.) stirrup spacing for

various MN ratios (Fig. 3.lOb). It can be seen that fatigue life decreased as MN

ratios increased for the section considered and demonstrates the interaction of

moment and shear on LCF life of the CRC girder.
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a) varied stirrup spacing and cutoff details, b) varied moment/shear ratios.



Conclusions

LCF tests were performed on 6 full-size CRC bridge girders containing various

shear and flexural reinforcement details. The girder LCF test data, along with

shear reinforcement LCF tests, were used to create a methodology for analyzing

CRC bridge girders for low-cycle fatigue. A linear damage rule was applied to

account for variable amplitude loading. An expression for effective stirrup

spacing was developed to account for the redistribution of stresses after stirrup

fracture. Based on the reported laboratory results analysis results, the following

conclusions are presented:

Specimens failed under LCF loading at loads below the nominal

capacity.

Stirrup fracture under LCF lead to eventual failure of the girder

specimens

Experimentally observed strain in the stirrups was elastic during cycling

at a constant load range.

Sectional analysis based on MCFT was used to approximate stirrup

stress levels in shear reinforcement under LCF loading.

Linear damage modeling, using MCFT stirrup stress range and stirrup

material LCF life curves, provided a reasonable estimation of LCF life for

girder specimens.

Flexural reinforcement cutoffs reduced the experimentally observed and

analytically predicted LCF life.
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The analysis method provides a tool for estimating the low-cycle fatigue life of

CRC bridge girders under shear dominated loading. The available fatigue life can

be compared with estimates of past overloads and future demands to optimize

routes for special permit loads or identify bridges for more detailed inspection on

corridors likely to see frequent overloads. It is important to note that actual life

may vary from that presented here due to material and stirrup deformation

variability as well as the condition of in-situ reinforcing steel. Ongoing research at

Oregon State University is underway to assess the fatigue life of vintage

reinforcing steels that will provide additional data on fatigue life of in-service

CRC bridges.
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General Conclusion

LCF tests without stress reversals for #13 (#4) ASTM Grade 615-00 (f 276

MPa) reinforcing bars were conducted. LCF tests were also performed on six

CRC bridge girders with varying shear reinforcement and flexural reinforcement

details. An S-N curve was developed for LCF behavior without stress reversals in

#13 (#4) reinforcing bars. Additional research is underway at Oregon State

University to characterize the LCF behavior of reinforcing steel without stress

reversals in vintage steel obtained from 1950's era RCDG bridges and additional

samples are being sought by the authors.

The girder LCF test data was used to create a methodology for analyzing in-

service bridge girders for low-cycle fatigue. The linear damage rule was applied

to account for variable amplitude loading. An expression for stirrup spacing was

also developed to account for the redistribution of stresses after stirrup fracture.

The analysis methodology provides a tool for estimating the low-cycle fatigue life

of CRC bridge girders under shear dominated loading. The available fatigue life

can be compared with estimates of past overloads and future demands to optimize

routes for special permit loads or to identify bridges for more detailed inspection

on corridors likely to see frequent overloads.
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