TG315
294
1989
c.2
OKDOT
Library




TECHNICAL REPORT STANDARD TITLE PAGE

1. REPORT NO. 2. GOVERNMENT ACCESSION NO. 3. RECIPIENT'S CATALOG NO.
FHWA/OK 89(10)
4, TITLE AND SUBTITLE 5. REPORT DATE
December, 1989
FATIGUE DAMAGE TO STEEL BRIDGE DIAPHRAGMS 5. PERFORMING ORGANIZATION CODE
7. AUTHOR(S) Farre] J. Zwerneman 8. PERFORMING ORGANIZATION REPORT
Adam B. West 89-10
Kee Seong Lim 10. WORK UNIT NO.
9. PERFORMING ORGANIZATION AND ADDRESS
School of Civil Engineering 11. CONTRACT OR GRANT NO.
Oklahoma State University 2156
Stillwater, 0K 74078-0327 13. TYPE OF REPORT AND PERIOD COVERED
12. SPONSORING AGENCY NAME AND ADDRESS Final Report: 4/1/87-12/31/89
Oklahoma Department of Transportation
Research and Development Division 14. SPONSORING AGENCY CODE
200 NE 21st Street Item 2156
QOklahoma City, OK 73105

15. SUPPLEMENTARY NOTES

Conducted in cooperation with U.S. Department of Transportation,
Federal Highway Administration

16. ABSTRACT

The cause of diaphragm cracking on an interstate highway bridge was investigat-
ed. The investigation consisted of load-testing the bridge, performing a computer-
aided analysis of the bridge superstructure and specific components, measuring the
chemical and physical properties of the diaphragm steel, and performing fatigue
tests on simulated diaphragms.

It was determined that the high degree of restraint at the diaphragm-to-girder
connection causes individual diaphragms at each transverse Tocation to act as con-
tinuous members reaching from one side of the bridge to the other. Differential
deflections of longitudinal members induce moments in the diaphragms, resulting in
tensile stresses along the bottom of the diaphragms. These tensile stresses are

| amplified by the presence of a bottom-flange cope at the diaphragm-to-girder con-

nections. High tensile stresses lead to initiation of fatigue cracks in diaphragms
at copes.

A number of repair techniques were tested. These include attaching an auxil-
jary flange, smoothing out the cope, reducing restraint in the connection by remov-
ing bolts from the connection, and replacing coped diaphragms with uncoped dia-
phragms. The technique of removing bolts from the connection is recommended for
implementation since it is by far the simplest to perform and is effective in ex-
tending fatigue 1ife.

17. KEY WORDS 18. DISTRIBUTION STATEMENT

Fatigue, Bridge Diaphragms,

Flange Copes No Restrictions

19. SECURITY CLASSIF. (OF THIS REPORT) 20. SECURITY CLASSIF. (OF THIS PAGE) 21. NO. OF PAGES | 22. PRICE

None ' , None 68




FATIGUE DAMAGE TO STEEL BRIDGE DIAPHRAGMS

State Study No. 2156

Final Report
By

Farrel J. Zwerneman
Adam B. West
and
Kee Seong Lim

Prepared as part of an investigation
conducted by the
School of Civil Engineering
Oklahoma State University
in cooperation with the
Research and Development Division
Oklahoma Department of Transportation
State of Oklahoma
and the Federal Highway Administration
‘December, 1989



The contents of this report reflect the views of the author who is
responsible for the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official views of the Oklahoma
Department of Transportation or the Federal Highway Administration.  This
report does not constitute a standard, specification, or regulation. While
equipment and contractor names are used in this report, it is not intended
as an endorsement of any machine, contractor, or product.

ii



EXECUTIVE SUMMARY

The cause of diaphragm cracking on an interstate highway bridge was
investigated. The investigation consisted of load-testing the bridge, per-
forming a computer-aided analysis of the bridge superstructure and specific
components, measuring the chemical and physicaI properties of the diaphragm
steel, and performing fatigue tests on simulated diaphragms.

It was determined that the high degree of restraint at the diaphragm-
to-girder connection causes individual diaphragms at each transverse loca-
tion to act as continuous members reaching from one side of the bridge to
the other; Differential deflections of longitudinal members induce moments
in the diaphragms, resulting in tensile stresses along the bottom of the
diaphragms. These tensile stresses are amplified by the presence of a
bottom-flange cope at the diaphragm-to-girder connections., High tensile
stresses lead to initiation of fatigue cracks in diaphragms at copes.

A number of repair techniques were tested, These include attaching an
auxiliary flange, smoothing out the cope, reducing restraint in the connec-
tion by removing bolts from the connection, and replacing coped diaphragms
with uncoped diaphragms. The technique of removing bolts from the connec-
tion is recommended for implementation since it is by far the simplest to

perform and is effective in extending fatigue 1life.
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CHAPTER 1
INTRODUCTION
1.1 Problem Statement

This résearch‘was conducted to identify the cause of diaphragm cracking
in a steel girder highway bridge. The bridge, Tocated on 1-40 near Weather-
ford, Oklahoma, is shown in Figure 1. The bridge is about 20 years old and
60 of the 184 diaphragms in both the east and westbound spans are cracked, 5
of which have experienced a total section loss. A picture showing the posi-
tion of several diaphragms on the bridge is presented in Figure 2, and two
examples of fatigue damage are shown in Figure 3. In all but one case,
cracks initiate at the lower flange and propagate up through the member.
The one case where cracks were found in the upper cope is also the one case
where cracks were found in diaphragms above pier caps. Locations of cracked
diaphragms are indicated in Figure 4.

Damage to diaphragms does not pose an immediate threat to the integrity
of the bridge; however, loss of the diaphragms will result in loss of sup-
port for the concrete deck and possibly accelerate normal deterioration of
the deck. In addition, the American Association of State Highway and Trans-

portation Officials (AASHTO), Standard Specifications for Highway Bridges

[1], requires the presence of diaphragms at intervals not to exceed 25 ft.
Oklahoma Department of Transportation (ODOT) inspectors have noted
similar problems at less advanced stages of cracking on other bridges. To

reduce maintenance costs and to remain in compliance with specifications,

‘the cause of the diaphragm cracking must be determined and an economically

viable method of repair must be developed.



Figure 1. Bridge With Damaged Diaphragms,
Structure No. 2004-1302SX

Figure 2. Position of Diaphragms




Figure 3.

Examples of

Cracked Diaphragms
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1.2 Objectives

The objective of this research is to determine the cause of diaphragm
cracking in the subject bridge and to propose an inexpensive method of
repair. Once the cause of cracking in the subject bridge has been identi-
fied, the likelihood of the same problem occurring in other bridges and the
suitability of the repair technique for these bridges can be assessed. A
better understanding of the cause of diaphragm cracking 1in the subject
bridge will also reduce the possibility of the same problem occurring in

future construction.
1.3 Scope of Research

This research program involves instrumenting and testing the bridge
under load, analyzing the entire bridge and isolated components of the
bridge, developing methods for repairing damaged members, and testing these
repair methods in the Tlaboratory. To accomplish these tasks, three dia-
phragms were instrumented with strain gages and strains were recorded under
a known truck weight. Analytical models of the bridge and diaphragm were
developed to match measured strain distributions. Modifications which could
be app]iedkto actual diaphragms to improve their fatigue 1ife were first
applied to the analytical models to assess the impact of these modifications
on the stress distribution in the diaphragm. Four different modifications
were selected for testing under cyclic loads in the laboratory. To assess
the effectiveness of the modifications, fatigue performance of modified

diaphragms is directly compared to performance of unmodified diaphragms.



CHAPTER 2
FIELD TESTING
2.1 Instrumentation

This portion of the research involves the measurement of strains in
diaphragms while the bridge is supporting a known load. A diaphragm fabri-
cated to match the existing diaphragms was instrumented with strain gages at
the Oklahoma State University Structural Laboratory. The instrumented dia-
phragm from the laboratory was used to replace the cracked diaphragm D2
shown in Figure 5. Details of the laboratory instrumented diaphragm are
shown in Figure 6. Two other diaphragms, both without cracks, were instru-
mented in the field. These diaphragms are labeled D1 and D3 in Figure 5.
The details of these diaphragms are shown in Figures 7 and 8. Measurement
of differential displacements of longitudinal members in vertical and hori-
zontal directions was also attempted during the field investigations but was
not successful.

The majority of the data were taken with the bridge under static load.
Data from diaphragm D2 were recorded using a 40-channel Vishay System 4000
under the control of an HP 9825 microcomputer. Data from diaphragms D1 and
D3 were manually recorded using Measurements Group model SB-10 switch and
balance units and model P-3500 portable strain indicators. The one set of
data taken under dynamic load was recorded with the strain indicator con-
nected to the y-axis of an x-y recorder and the x-axis set on a time
scale. A1l strain gages had a resistance of 350 ohms and a length of 0.125
in.; rosette gages were Micro-Measurements model CEA-06-125UR-350 and single

element gages were model CEA-06-125UW-350. Gages were connected to recording
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instruments using a three-conductor twisted cable with vinyl insulation,

braided shield, and vinyl jacket.
2.2 Loading

The bridge waé loaded with a tank truck supplied by ODOT. The truck is
shown schematically in Figure 9. Strain measurements were taken for both
lane and shoulder loading conditions. The Tlocation of the truck for the
lane loading condition is shown in Figure 10 and for the shoulder loading
condition in Figure 11. Only positions between abutment 1 and pier 3
(Figure 4) are shown in Figures 10 and 11. Strain measurements were taken
for additional truck positions between pier 3 and abutment 2, but the truck
had no effect on the instrumented diaphragm after it crossed pier 3, prob-
ably because longitudinal girders were not continuous across pier 3. To
obtain static measurements, the truck was stopped at each numbered position
and strains were recorded when the bridge was clear of all other traffic.
Dynamic strain measurements were taken as the truck moved across the bridge

at 20, 30, and 35 mph in the inside traffic lane.
2,3 Results

Plots of strain versus position of truck were prepared for each of the
50 strain gages installed on the three diaphragms for all lane and shoulder
loading positions. Representative plots are shown in Figures 12 and 13.
Figure 12 shows the values obtained at gage 22 for diaphragm D2 when the
vehicle 1is located at various positions on the shoulder of the roadway.
Figure 13 is a plot for gage 8 on diaphragm D1 for lane loading conditions.

As can be seen in Figures 12 and 13, strains produced by the truck are
insignificant when the truck is on the spans preceding and following the

span containing the instrumented diaphragms, even though longitudinal gir-

11
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ders are continuous across these three spans. In most caseé. measured
strains are low even when the truck is on the instrumented span. Except for
obvious cases of signal noise (indicated by very abrupt and inconsistent
fluctuations in measured strainé), measured strains never exceed 150x107%
in./in.  This maximum strain was measured at gage 7 on diaphragm D1 under
the lane loading condition while the rear wheels of the truck were directly
over the instrumented diaphragms. Strains characteristically peak when the
truck is directly over the instrumented diaphragms and the peaks tend to be
in the 30x10°6 to 90x1070 in./in. range. The strain magnitude measured on
this bridge is typical of measurements made by researchers at other sites
[2, 6].

Figure 14 is a plot of strain versus time for gage 8 on diaphragm D2
recorded on an x-y recorder as the tank truck moved across the bridge. The
exact position of the truck at the time of peak strain was not recorded, but
the shape of the curve is similar to the curves in Figures 12 and 13. There
is a slight tendency for the peak strain to increase as velocity increases.

Similar behavior has been observed by other researchers [7].

17
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CHAPTER 3
ANALYSIS

This portion of the investigation deals with the development of ana-

lytical models for the bridgekand individual diaphragms. These models were

built using STRUDL [5] on a main-frame computer. The models were built so

as to match as closely as possibie field conditions.
3.1 Grid Analysis of Superstructure

The final model that was adopted for the bridge superstructure was that
of a grid with full composite action between the slab and the girders and
diaphragms. Simple supports were assumed at the piers. Grid geometry and
assumed support conditions are shown in Figure 15. This type of model has
been shown to provide results comparable to more sophisticated models which
treat the slab as a flat plate or as a mesh of plate elements [8].

Representative plots of measured and calculated strains versus position
of truck are provided in Figures 16 and 17. Strains were calculated using
simple beam theory with moments from the grid analysis. Figure 16 shows the
values obtained at gage 22 for diaphragm D2 when the vehicle is located at
various positions on the shoulder of the roadway. Figure 17 is a plot for
gage 8 on diaphragm Dl under lane loading conditions. The strong similarity
in graph shapes between the measured and calculated plots indicates that the

model used is a good representation of the bridge.
3.2 Finite Element Analysis of Diaphragm

The individual diaphragm is modeled as shown in Figures 18 and 19.
Eight-noded 1isoparametric elements are used in the web and plane truss

elements are used for both flanges. The full depth of the diaphragm is

19
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included in the model; the length of the model is set at three times the
depth fo avoid unwarranted end effects at the cope. Nodes at the left end
along the bolt line are pinned to provide support. Loads applied to the
right end of the diaphragm produce the stress gradient that would be present
if a moment was applied to a diaphragm fully composite with a concrete deck.

The magnitude of the moment applied to the model diaphragm is ten times
that obtained from the ana1ysis of the bridge using the grid model. This is
done because when the small moments obtained from the grid analysis were
used, roundoff error was high. A significant error was observed between
nodal stresses for elements meeting at a node. Since the emphasis in this
portion of the work is to find the stress distribution along the observed
crack line in the fractured diaphragm, the simplest solution is to increase
the applied moment. Thi$ same moment is applied to the modified diaphragms
so that changes in the stress distribution due to the modifications can be
studied.

Three modified diaphfagms were analyzed for comparison to the original
diaphragm. The first modification does not have a bottom flange cope (Fig-
ure 20), the second modification has a cope tapered at a rate of 2.5 hori-
zontal to 1 vertical (Figure 21), and the third modification calls for
removing the bolts from the lower half of the diaphragm-to-girder connec-
tion. The degree of taper selected for the second modification is the same

as that specified for flange transitions in the AASHTO Standard Specifica-

tions for Highway Bridges. The third modification was accomplished analytic-

ally by removing the pin supports from the bottom half of the connection.
The first modification will require replacing the diaphragms while the

second and third modifications can be applied to existing diaphragms.

25
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Stresses calculated along the crack line for the four analytical models
are shown in Figure 22. In examining this figure, recall that the moments
applied to the models are teh times greater than the moments calculated from
the grid analysis. Also recognize that the analysis is an elastic analysis;
calculated stresses are not restricted by a plastic 1imit. The sole purpose
of this figure is to show how the stress distribution in the vicinity of the
cope changes as diaphragm modifications are applied.

As seen in Figure 22, all modifications succeed in reducing stress at
the cope. The tapered cope provides only a slight reduction while the un-

coped diaphragm and the diaphragm with bolts removed from the conneétion

- provide significant reductions. Removing the cope from the bottom flange

leads to a relatively uniform stress distribution, while removing bolts from
the bottom of the connection causes the peak stress to shift up away from
the cope.

The results of the ana]yseS indicate that the most effective way of
reduéing stress in the diaphragm at the connection is to install an uncoped
diaphragm. In the uncoped diaphragm, there are no points of high stress
concentration. Removing bolts from the bottom half of the diaphragm-to-
girder connection is also effective in reducing stress at the cope, but
results in a high stress in the center portion of the web. Tapering the
cope reduces stress at the bottom of the diaphragm, but to a much lesser

degree'than the other two modifications.
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CHAPTER 4
LABORATORY TESTING
4.1 Physical and Chemical Properties

Notes on the structural drawings of the subject bridge show that the
steel in the bridge is required to satisfy American Society for Testing and
Materials (ASTM) Standard A36. A chemical analysis of diaphragm flange
material has confirmed that the composition of the steel falls within toler-
ance limits set out in ASTM A36. Tension tests performed in accordance with
ASTM E8 using rectangular tension test specimens also confirm that the mate-
rial falls within the A36 Standard. Results from the chemical analysis and
the tension tests are tabulated in Appendix A. Charpy impact tests were per-
formed in accordance with ASTM A370 using standard thickness specimens from
the flange and reduced thickness specimens from the web. Test results show
that the steel provides substantially more impact fesistance than the 15 ft
1bs at 40°F required by AASHTO for bridges in Oklahoma. Plots of the Charpy
data are provided in Figures 40 and 41 of Appendix A. There are no unusual
physical or chemical properties in the diaphragm steel which would contri-

bute to the cracking problem.
4.2 Fatigue Tests

The original detail and four different modifications were tested under
cyclic load in the laboratory. Support conditions and loading were config-
ured to match field conditions as closely as possib1e.’ The modifications
tested include: (1) no cope in bottom flange, (2) tapered cope, (3) bolts
removed from the bottom two bolt holes, and (4) adding an auxiliary flange.

The original detail is shown in Figure 23, the tapered cope is shown in
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Figure 24, and the auxiliary flange is shown in Figure 25. The first three
modifications were evaluated with a finite element analysis prior to test-
ing. The fourth modification was added after the start of the fatigue
testihg program. A1l modifications will be evaluated on the basis of their
ability to increase fatigue 1ife beyond that measured for the original

detail.

4.2.1 Apparatus

Loads were applied using a closed-loop servo-hydrau?ic system. The
test frame and control system are shown in Figure 26. The test frame con-
sists of two short vertical members with a horizontal member connecting the
tops of the verticals. The verticals provide support for the ram and speci-
men and transfer the test load into the reaction floor. The horizontal mem-
ber adds rigidity to the system, provides upward support for the ram and
specimen, and is used to help prevent lateral displacements of the specimen.

The test specimens are the deeper wide flange members seen below the
top horizontal member in Figure 26. The specimen on the right is connected
at its right end to the vertical. On its left end the specimen is bolted to
a gusset plate simulating the connection on the bridge. The gusset plate is
welded to a tee-shaped section simulating the longitudinal bridge girder. A
photograph of the simulated girder and connections is provided in Figure 27.
Another specimen is bolted to the left side of the simulated girder and then
attached at its left end to the hydraulic actuator. This arrangement models
the relevant portion of the actual connection and allows two specimens to be
tested simultaneously.

To produce the stress distribution that would be present in a composite

beam loaded in bending, without actually constructing a composite beam, it
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Figure 26.

Figure 27.

Testing Equipment

Simulated Girder
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was necessary to apply an eccentric axial load to test specimens. This
eccentricity was achieved in the tests by positioning the diaphragm-to-
column connection and the diaphragm-to-actuator connection below the dia-
phragm centerline. The three bolt holes at the 1eft end of the specimens
shown in Figures 23, 24, and 25 are vertically offset from the diaphragm
centerline to provide the required eccentricity. Connections to the verti-
cal supports and to the actuator were made with pins so that no additional
moment above that produced by the eccentric load would be introduced at
these connections.

To restrict movement transverse to the test specimens at the simulated
girder, it was necessary to restrain the girder in its longitudinal direc-
tion. In the bridge, this restraint would be provided by the attachment of
the girder to the deck. The restraints, which are shown in Figure 28, bolt
to the girder in three locations: the upper web on both ends of the girder
and the lower web on one end of the girder. Each restraint uses two Teflon
pads which are able to slide freely against each other 1in the direction
longitudinal to the diaphragms, but are blocked from moving transverse to

the diaphragms.

4,2.2 Results

A1l specimens were tested under a load-time history which varied sinu-
soidally with time at a constant amplitude. Load range varied between tests,
but the ratio of minimum to maximum load (load ratio) was held constant.
Loads used in tests and the corresponding nominal stress ranges at the cope
are shown in Table 1. Nominal stress ranges are calculated assuming simpie

beam theory.
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TABLE 1

APPLIED LOADS AND NOMINAL STRESS RANGES

Load, Kips Load Range, Nominal Stress
Max. Min. Kips Range, KSI
29.4 4.4 25 20

23.5 3.5 20 16

17.7 2.7 15 12

11.8 1.8 10 8
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Stresses applied to the diaphragm in the laboratory are much greater
than those measured in the field. Higher stresses were used in the 1abora~
tory to reduce testing time. This does not detract from the capacity of the
tests to satisfy their primary purpose, which is to demonstrate the effec-
tiveness of the modifications at increasing fatigue life relative to the
original detail.

Original Detail. The first tests were conducted on the original con-

nection detail. To verify that the load and support systems were producing
the strain gradient anticipated for a composite beam loaded in bending, the
first laboratory diaphragm was instrumented with three strain rosettes as
shown in Figure 29. Strains measured at gages 2, 5, and 8 for a 30-kip load
are plotted in Figure 30. As expected, longitudinal strain reaches a tensile
maximum at the bottom of the beam and decreases toward the top of the beam.

The rosette data were also used to determine the magnitude and direc-
tion of principal stresses at gage locations. Principal stress elements are
shdwn in Figure 31. The important observation to be made from this figure
is that the maximum tensile stress is oriented perpendicular to the antici-
pated crack plane.

The original detail was tested under cyciic loads at a variety of
stress ranges. The data obtained are shown in Table 2, and a plot is shown
in Figure 32. A line fit to the data using the least squares method is also
shown on the plot. Data for tests discontinued without initiating notice-
able cracks are indicated by an arrow attached to the data point and are not
included in the regression ané]ysis. The 90% confidence 1limit Tines shown
on the plot indicate there is a 90% probability that future values would

fall within the 1imits. The detail can be placed in a specific stress
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Figure 30. Distribution of Horizontal Strains
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TABLE 2
FATIGUE LIFE OF ORIGINAL DETAIL

Stress Range, Number of Cycles
KSI to Failure
20 195160
240740
16 529660
835220
12 1213240
1431580
8 6824790*
6824790*

*Tests were discontinued.
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category as discussed in Reference [3]. The fatigue data are replotted in
Figure 33 with the corresponding stress category superimposed.

vFai1ed specimens are shown in Figure 34. Specimens were considered to
have failed when the crack had grown through half the web. It was found
that very few cycles relative to the total number of cycles applied were
necessary to propagate the crack from the web center1ine through the upper
half of the web. Stopping the tests when the cracks reached the web center-
1ine was necessary to prevent the specimens from becoming so flexible that
they would impact on the load frame during cycling. An important observa-
tion to be made from Figure 34 1is that the crack shape is very similar to
shapes observed on the bridge and that the crack plane 1is approximately
perpendﬁcular to the direction of the maximum principal tensile stress shown
in Figure 31.

- No Cope in Bottom Flange. Two specimens were tested at the 20 ksi

stress range. Data are recofded in Table 2 and plotted in Figure 35. Both
specimens withstood over two million load cycles with no sign of fatigue
damage. The data points plot well beyond the upper 90% confidence limit for
the original detail, indicating that a significant improvement in fatigue
1ife has been achieved.

Tapered Cope. The fatigue life of the tapered cope detail was very

dependent on how carefully cutting and grinding procedures were carried
out. As can be seen in Table 3 and Figure 35, the two tapered cope speci-
mens exhibited significantly different fatigue lives. One test resulted in
a substantial increase over the life of the original detail while the other
resulted in only a minimal increase. A failed specimen is shown in Figure
36. Cracks in these specimens originated at rough spots on the tapered sur-

face and grew into approximately the same shape as on the original detail.
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Figure 34.

Typica1 Cracking Pattern in
Laboratory Specimens
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TABLE 3
FATIGUE LIFE OF MODIFICATIONS

Number of Cycles to
Failure for 20 KSI

Modification Stress Range
Two lower bolts 1188380
removed 547730
Auxiliary flange A 360940
1790810
Tapered cope '656590
2066660
New member with 2788480*
no cope 2001970*

*Tests were discontinued.
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Bottom Bolts Removed. Removal of the two lowest bolts relieves the

stress at the lower cope, but still Teaves the connection with sufficient
capacity to carry the wheel loads of an HS20 truck. (Calculations are shown
in Appendix B.) In Figure 37, the magnitude and direction of principal
stresses in the diaphragm when all bolts are in place are compared to the
stresses when the lowest two bolts are removed. Strains with bolts removed
were measured using the same beam described in the discussion of the orig-
inal detail. The shape of the measured stress distribution is in agreement
with results of the‘finite element analysis shown in Figure 22.

Fatigue data are recorded in Table 3 and plotted in Figure 35. Data
points for the two specimens tested plot beyond the upper 90% confidence
1imit for the original detail, indicating the modification is effective at
increasing the diaphragm fatigue life. Average fatigue life for this detail
is s1ight1y less than for the tapered cope, but scatter in the tapered cope
data is greater. Neither this detail nor the tapered cope is as effective
at increasing fatigue life as is the uncoped detail.

Failure in these specimens resulted from a crack originating in one of
the lower bolt holes and growing out to the side or bottom of the diaphragm.
Photographs of failed specimens‘are shown in Figure 38. The observed mode
of failure may be partially the result of the loading system used in all the
tests. Since the eccentricity at the diaphragm-to-column and diaphragm-to-
actuator connections was fixed in the tests, removal of the bottom two bolts
increased the eccentricity and therefore the moment on the connection. In
the bridge, the moment is caused by differential deflections of the longi-
tudinal Qirders, not by an eﬁcentrica11y applied 1oad. Removal of the lowest
two bolts in the connections on the bridge may actually reduce the moment in

the diaphragms by making them more flexible. The five remaining bolts will
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Figure 38.

(b)

Failure of Detail With Bolts Removed
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each be required to carry a larger percentage of the total moment, but the
total moment should not increase (as it does in the laboratory specimens)
when two bolts are removed. Laboratory tests on the detail with the bottom
two bolts removed are more severe relative to the original detail than are
the tests on the other modifications.

Tests were also conducted on precracked specimens. Two original de-
tails were cycled with all bolts in place until a crack approximately one
inch long could be identified. The test was then stopped so that the bottom
two bolts in the connection could be removed, after which the test was con-
tinued. No further growth from the one inch cracks was observed after the
bolts were removed. Failure in the specimens resulted from cracks initiating
in the bolt holes in the same manner as when the entire test was conducted
with the bottom two bolts removed. Additional fatigue life for the two test
specimens after bolts were removed was 156,210 and 188,650, as compared to
an average total fatigue’1ife of 217,950 cycles for the original detail
tested at the same range.

Test results indicate that removing the bottom two bolts from the dia-
phragm-to-girder ccnnection is an effective and reliable way of increasing
diaphrégm fatigue 1ife. The method is effective even when small cracks are
present in the diaphragm at the cope. Laboratory tests on this modification
may be more severe than the detail would experience in actual service.

Auxiliary Flange. The auxiliary flange is installed to carry a portion

of the load past the cope and reduce the stress in the cope area [3]. A
problem with applying this technique to the current situation is that the
gusset connection does not allow the auxiliary flange to extend ahead of the

cope far enough to help relieve a large portion of the stress.
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Tests with the auxiliary flange were conducted on specimens having
fatigue cracks which had propagated approximately 3/4 1in. prior to any
modifications being performed. A 1/2-in. diameter hole was drilled at the
end of the crack to help retard crack growth. This hole size was selected
to match the size used in Reference [4]. The auxiliary flange was then
welded in place above the drilled hole.

As can be seen in Table 3 and Figure 35, the modification did increase
average specimen fatigue life, but there is a great deal of scatter in the
data. In both tests, a short period of no growth after the modification was
followed by propagation around the end of the auxiliary flange. A failed
specimen is shown in Figure 39. The fact that the crack easily propagated
around the auxiliary flange is an indication that the flange does not extend

far enough ahead of the cope to be effective.
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Figure 39. Failure of the Auxiliary Flange Detail
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CHAPTER 5
SUMMARY AND CONCLUSIONS
5.1 Field Tests

The pattern of cracked diaphragms and the Tlocation of cracks in the
diaphragms indicate that diaphragms at each transverse location between the
piers are acting as continuous beams. In all but one case, the cracks orig-
inate in the bottom flange cope and grow up through the web. No cracks were
found at connections to exterior girders. Taken as a whole, these observa-
tions indicate that the "continuous" diaphragms are being loaded by the
differential deflections of the longitudinal girders.

A truck in one of the traffic lanes will cause the interior girders to
deflect more than the exterior girders. This in turn will cause the "con-
tinuous" diaphragm to deflect more at the interior of the bridge than at the
exterior, inducing high positive moments at the interior region. Exterior
girders are not stiff enough torsionally to induce high negative moments
when the load is near the diaphragm midspan. The positive moment produces
tension in the bottom flange which is magnified by the stress concentration
at the cope.

The one case where cracks were found in the upper cope is also the one
case where cracks were found in diaphragms above pier caps. At this loca-
tion, girders are restrained from transiating vertically by the pier caps
and are restrained from rotating about their longitudinal axes by the slab
and the pier caps. Hence; the girders act almost as fixed supports for the
diaphragms. Wheel loads acting through the slab produce tension at the top
and compression at the bottom of the diaphragm ends. The result is a crack

growing in the upper cope rather than the lower cope. Since cracking occurs
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at the top cope in only one diaphragm, the stress range or the number of
cycles experienced by individual top copes must be less than experienced by
bottom copes.

Measured strains tended to be very low, making it difficult to pre-
cisely describe deformation patterns and load paths in the bridge. There
are sufficient data to conclude, in support of the statements made above,
that the diaphragms are being loaded by displacements of the girders. Plots
of strain versus truck position show that the diaphragms are loaded when a
truck moves onto the span containing that diaphragm. Strain in the diaphragm
increases as the truck approaches the diaphragm, reaches a maximum when the
truck is at the same longitudinal position as the diaphragm, and decreases

as the truck moves away from the diaphragm.
5.2 Analysis

The bridge superstructure was analyzed by treating the steel frame as a
grid with the piers acting as simple supports. To account for the concrete
deck, moments of inertia for grid members were calculated assuming the gird-
ers and diaphragms are fully composite with the deck. Wheel loads from the
tank truck were applied to grid members. Stresses calculated using moments
from these grid analyses exhibited a variation with truck position similar
to the variations observed in field testing.

Finite element analyses were used to compare stresses in the original
diaphragm detail to stresses in modified details. Stresses at the cope are
slightly reduced by tapering the cope or more significantly reduced by
removing the bottom bolts from the connection. Stresses in the diaphragm

are most effectively reduced by not coping the bottom flange.
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5.3 Laboratory Tests

Physical and chemical properties of the diaphragm steel were measured.
Both chemical analysis and tension tests indicate that, as specified in the
original drawings, the steel satisfies ASTM Standard A36. Charpy tests show
that the impact resistance of the steel satisfies AASHTO bridge specifica-
tions.

Fatigue test results indicate that the original connection is an AASHTO
category D detail, and that fatigue performance can be improved by tapering
the cope, installing an auxiliary flange, removing the bottom two bolts from
the connection, or not coping the bottom flange. Not coping the bottom
flange produced the greatest improvement in fatigue life. The other three
modifications produced approximately the same increase in fatigue life, on
the average. Performance of the specimens witﬁ the bottom bolts removed was
more consistent than performance of the specimens with tapered copes or with
auxiliary flanges. Additional tests were run on specimens with small cracks
already present in the copes when the bottom bolts were removed. Growth at
these initial crack sites stopped and failure eventually occurred as the

result of cracks originating from bolt holes.
5.4 Recommendations

It is recommended that for uncracked diaphragms and for diaphragms with

" cracks shorter than one inch, the bottom two bolts in the diaphragm-to-

girder connection be removed. This recommendation is based on the effec-
tiveness of this modification to increase fatigue 1ife--even for diaphragms
containing small cracks--and the relative ease with which this modification
can be accomplished. Diaphragms containing cracks longer than one inch

should be removed and replaced with diaphragms not coped at the bottom
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flange. To encourage a smooth flow of stress from one diaphragm to the
next, the bottom two bolts should also be omitted from the uncoped dia-
phragms.

Since the diaphragms do not contribute substantially to the overall
stiffness of the bridge, the slight reduction in diaphragm stiffness caused
by removing two bolts from the connection should not result in substantial
changes in load distribution patterns in main members. Diaphragms cracked
over a portion of their depth experience a reduction in stiffness similar to
the reduction resulting from removing bottom bolts, and there is no evidence
that damage patterns in nearby members are altered by the decrease in stiff-

ness of cracked diaphragms.
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APPENDIX A

MATERIAL PROPERTIES
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TABLE 4

CHEMICAL PROPERTIES OF WIDE FLANGE

Composition ASTM Limits
Element in Percent in Percent
Carbon 0.230 0.26 max
Manganese 0.560 -—
Phosphorous 0.007 0.04 max
Sulfur 0.018 0.05 max
Silicon 0.070 —
Nickel 0.020 -—
Chromium 0.060 -—
Molybdenum <0.010 -
Copper 0.030 _—
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TABLE 5

TENSION TEST RESULTS

Ultimate Elongation
Yield Tensile at
Strength Strength Fracture*
(KST) (KST) (%)
Flange 38.8 61.2 44
Web 45.3 61.7 44
ASTM Limits 36 min. 58 min.-80 max. 20 min.

*8-in. gage length.
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TABLE 6

DATA FROM CHARPY IMPACT TESTS

Material | Temperature Energy
Specimens (°C) (Ft-Lbs)
Flange -74 1.0
-21 15.5
0 15.0
7 42.0
12 59.5
20 57.5
25 65.0
96 73.0
Web -74 1.0
0 38.0
25 38.5
96 40.0
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APPENDIX B

CAPACITY OF CONNECTION
WITH BOLTS REMOVED
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Check diaphragm-to-girder connection capacity when two bolts are

removed from the seven-bolt connection.
Bolt Shear (Using 3/4 in. Diameter, A325 Bolts, Friction Connections)
Capacity = (7.7 K/bolt)(5 bolts) = 38.5

Bearing

Check bearing even though this is a friction connection.  The web
thickness for a W16x26 is 0.25 in. The gusset plate thickness is 0.375

in. Therefore, the web of the W16x26 will control bearing capacity.

Capacity = (1.2 Fu)(tw)(dbolt)(No' bolts)
Capacity = (1.2)(58 ksi)(D,25")(0.75")(5 bolts)
Capacity = 65k

The total rear axle load from an HS20 truck is 32k, which is 1less than both
the bolt shear capacity and the bearing capacity. The connection is ade-

quate with only five bolts.

Capacity calculations are performed according to the American Institute

of Steel Construction's Manual of Steel Construction, 8th Edition.
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