Lehigh University
Lehigh Preserve

Theses and Dissertations

1963

Tests on welded high strength steel plate girders
subjected to shear

Hai Sang Lew
Lehigh University

Follow this and additional works at: https://preservelehigh.edu/etd
& Dart of the Civil Engineering Commons

Recommended Citation

Lew, Hai Sang, "Tests on welded high strength steel plate girders subjected to shear" (1963). Theses and Dissertations. 3141.
https://preservelehigh.edu/etd/3141

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.


https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F3141&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3141&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3141&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=preserve.lehigh.edu%2Fetd%2F3141&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/3141?utm_source=preserve.lehigh.edu%2Fetd%2F3141&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

PLATE GIRDERS SUBJECTED TO SHEAR

Hai Sang Lew

A ‘THESIS
Presented to the Graduate Faculty
of Lehigh University
in €andidacy for the DéétéEAOf

Master of Science

Lehigh University

January, 1963




it

CERTIFICATE OF APPROVAL
P Y :

P R

This thesis is accepted and approved in partial Y
ful fillment of'thezrequirements:for the degree of |

2 ' - ]
Date | Profgssor Lynn S. Beedle
- Hesis Supervisor

(/vlfq

Profes J y, Head ”
Departme: t iviil Engineering |

. -




wh“ﬂ"@‘“‘;,ﬁ

o

251.29 - . . ‘ 111

ACKNOWLEDGEMENTS
S | R '

This ;hESiS presénts a part of an investigation m&déﬁbwahE'researchf
projecf.Oﬁ’Wélﬂéd Plate Girders.

The investigation was conducted at Fritz Engineering Laboratory,
Lehigh.Universit;, Bethléhem, Pennsylvania. ©Professor William J. Eneyjis
Head of ;he GiviL-EﬁgineeringﬁDepartnmnttand of the Laboratory, and
Dr. Lynn S. Beedle is Director of the Laboratory. The American Institute
of: Steel Construction; thengnnsyLvania Department of Highways,the U. S.
Department of Commerce-Bureau of Public Roads, and the Welding Research

'Council,jointly SpOHSQredythe;researchgprqjectg
4
The author wishes to express his gratitude to his thesis supervisor;

Dr. Lyﬁhfs,.Bé?d1e3 for his guidance, and to Messrs. Bung Tseng Yen and

Peter B. Cooper for helpful suggestions and constriuctive criticism given

in the course of the thesis preparation. Sincere appreciation is also due

to Dr. Konrad Basler for his valuable advice.

Special thanks -are -die to Mr. Kenneth P. Harpel, Laboratory Foreman,

. < y o .
for his cooperation during ‘the testing program, to Mr. Richard N. Sopko
B 4

for preparing the drawings, and Miss Marilyn L. Courtright for typing the

manuscript with great care.




ACKNOWLEDGEMENTS

a

TABLE OF CONTENTS

&

SYNOPSIS

L,

CORRELATION OF EXPERIMENTAL RESULTS WITH THEORY/

INTRODUCTION:

DESCRIPTION OF TESTS
2.1 Girder Specimens " -
2.2 Test Setup
2.3 Instrumentation
2.4 Testing Procedure
EXPERIMENTAL RESULTS
General GirdérfBéhévipr

3.1
3.2 Web Behavior

REVIEW OF SHEAR ‘STRENGTH THEORY

5.1 Comparison of Observed and Predicted Strengthé

5,2 Influence of Panel Boundaries

5.3 Effect of Residual Stresses

CONCLUSIONS ;

"NOMENCLATURE

APPENDIX

FIGURES

REFERENCES o g

'

VITA

O g O W

17

23

23
25

29

30

32

34

58




Figure
No,

10
11
12
13
14
15\
16
17
18
19
20
21
22

23

LIST OF FIGURES

Subigct‘

Test Girders H1 and H2 .

Cutting Diagram for Girder Hl

Cutting Diagram for Girder H2

Typical Coupon Test Results

Test Setup

Interaction Diagrams
Test Setup (Girder H2)
Instrumentation

Hand ExtensometerpMeasuremeﬁts, Test H2-T1

Location of Girder%EailurES.and Repairs

Load-Deflection Diagram for Girder Hl
Ldéd~Deflectiqn Diagram.far'Girder H2

Girder Panel at Failure, Test H1-TI

Girder Appearance After Test H1-T?2
Girder H2 After Test Tl

Closeup After Ultimate Load, Test H2-T2

Shear‘Stnength'vsq'YI@;d.Sttess Diagram

Sample Web Deflection Curves

Web Deflections, Girder H1

Web Deflections, Girder H2

Principal Stresses in Web of Girder HI

Ultimate Load vs. Aspect Ratio Diagram

. Variation of Buckling Coefficient with Aspect Ratio

7} y ) ) fie
: X\.a}.:‘ . 5, *




1. INTRODUCTION

~

Lehigh University since 1957. One recént‘phase of this research has been
the study of the shear strength of plate girders made of high strength

steel.

)

,An«earlieriprqject,pgprt:presanted.a'theoreticalidEtermination of the
ultimate strength of plate girders subjected toishear;( In this report
it was shown that.th¢ shear strength of a girder panel can be expressed as

. iy
where Vp is the plastic shear force or the product of the web area and the
yield point of the web material, @ is the panel aspect ratio or ratio of
panel width to depth, g is the web slenderness ratio or ratio of web depth
to thickness anduey.is'the yield strainear'ratiodfYiEld'S%féSS to the
modulus of -elasticity.

To investigate the shear strength of plate girders experimentally, a
series of tests were Qonducted,~ 7 In that serie€s the aspect ratio was
varied from 0.5 to 3.0 while the web slenderness ratios of the test

by
girders varied from about 100 to about 380; however, since the girders
;[wereiall made of mild steel, the yield strain parameter was essentially
constant. The results of these tests showed that the theory represented.

by Eg. 1 (and reviewed in Section 4 of this repdrt) can be used to predict

the:shearrsﬁrength of mild steel girders.

The question naturally arises whether the shear strength theory is

applicabLe for values of yieLi Strain»higher‘thangthat~of mild steel .

The purpose of the investigation .to be presented in this report was to

A
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answer this question. By examining girders with geomeﬁry'similar to that of

previously tested mild steel girders, attention was focused on the influencé

of yield straiﬁ. A steel with an extreme value of yield strain was selected
so that if the theoryﬂprEVEd to be adequate to describe the test girders'
behavior, it could then, by interpolation, be used for girders having any

value of yield strain without conducting additional tests.

Two test girders, designated H1 and H2, were fabricated from .a heat
treated high strength steel having a static field level between. 100 and
110 ksi. Two tests were conducted on each girder; thése tests were desig-
naxxa& Tlﬁand'TQ, Thefvalues'ofzthe;girderjpapameﬁersffor~tﬂ;;fourtté3ts

are listed in Table I.

| Test | a B €y~ -.oy/E

| HI-T1 | 3.0 | 127 | 0.00365
/ lHl-T2 | 1.5 | 127 | 0.00365

7 | H2-T1 | 1.0 | 128 | 0.00372

o A H2-T2 | 0.5 [ 128 | 0.00372

Tébie I
SiﬁcégggﬁsprOCedﬁnes‘used in determiﬁifgigirder dimenSions§5nd”material
;p’rqp-er;ties a.nd{ in ~maki_ng test 'me'-'a‘s_l-u‘.r.eme»n.t's- are similar to those used p‘revi_--
. '\% .
ously in tesés.qn_mild steel girders, £eference'shquldqu'nmde to the report
(2)

o | | X
on. these tests' for a more de&aileg;description;

In the following, the test speciméns and test.condition&'will;firsf
be deséribed, then‘the’resultslwill be gres;nted,. A~ﬂfief review of the
shear strength theory and a discussion of the correlation between test
_results‘and theéretical prédiCEions'will.Lead to‘conclusi0ﬂS regarding the

shear strength of girders made of high s¢rength steel.

] Y N
% w . \. w
\
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2. DESCRIPTION OF TESTS
L.

2.1 Girder Specimens

K

-

- The two test girders hédﬁan 6vera11 length of'27f—7" and differed only
- 'in @he spacing of intermediate stiffeners and the length of cover plates
(Fig. 1). Webs with.a-depfh.OELSO” and a thickness of 3/8'" were used.

Transverse stiffeners were used in pairs and were cut 3/4" short of the

(3)

tension flange. The bearing stiffeners were.aISOIusei in pairs and

were cut 3/4”_short.thfhe-tenSion flange at the point of load application
"while at the ends they were cut 3/4" short of the top: flange. End plates

extending the full depth of the web and full width of the flanges were also
(1) |

used. Girder Hl had partial length.coVEfijates while girder H2 had

full length cover plates. As previousl y mentioned, éhe intermediate

]
]

stiffenéf,Spacing (aspect ratio) was one of the main test parameters.

The partial length cover platé;:anddthérend plates provided opportunities h

for éide studies Which,wili‘be‘diSQU&sed in a latetr report . %

- By chosing only two plate thicknesses (3/8" and 1") for all girder

components, the girders could be fabricated from a minimum number of

universal plates and thus the material prgperciéS;Wére kept as unifdrm:a;

possible. Diagrams of the arrangement of the girder components Cn‘thé

'3 rolled plates are Showngiﬁ:Figs,lzaanﬂ;Bg In addition to the girder com-
ponents, coupon plates were also ‘cut from these rolled plates to be used

not only to thainitensilé test coupons but alseo for measuring'ﬁhe actual

girder dimensions. These measurements are summarized in Table II.

S
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GIRDER COMPONENT DIMENSIONS (in)

Top Cover Plate 17.03 x 0.982
Top Flange | 18.06 x 0.977"
. H1 Web | 50 x 0.393
Bottom Flange 18.06 x 0.983 1 v

Bottom Cover Plate 17.03 x'0.982

po Cover Plate 17.06.x 1.008
| Top Flange | 18.06 x 1.008
H2 7| Web | 50  x0.390

| Bottom Flange | 18.06 x 1.004

Bottom Cover Plate | 17.09 x 1.008

Table II

The 8'" standard tensile test coupons, which were cut from the coupon
' "

plates, were tested to determine the static yield level, ultimate tensile

strength (oy) and percent elongation. The static yield level is d§fined

L o L | (2) .
as the yield stress obtained under a zero strainm rate ~,, and is referred

A

to else®:ere in this féﬁbrtvsfmply‘as the static yield stress Oy -

typical “load-strain curve plotted by an automatic recorder during the cou-
4 ‘ . ,

pon tests is reproduced in Fig. 4. The reésults of the coupon tests are
‘ | ;

given in Table III.

The heat treated high strength steel used for the t%Et girders 1is
identified by the trade name N-A-XTRA 100. All 3/8-in. ﬁaterial,came from
one heat while all l-in. material came from anotheér heat. The chemical

properties of these heats are listed im Table IV.
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GIRDER COMPONENT | o, (kst) | g (ksi) | Elong.
o | % in 8"

Top Cover Plate 105.8 | ,117,0;” 14.2
Top Flange ﬁ 102.0 ; 115.0 % _l8l0
HL | Web | 108.1 11646 11.0
| B@ttomFlaﬁée 1 110.8 | 121;0" 1 14.1

Bottom Cover Plate | 105.8 ; 117.0 T 14.2

Top Cover Plate | 108.8 | 120.0 15.4
Top Flange | 108.8 | 120.0 15.4
H2 | Web | 110.2 | 119.2 | 12.6

Bottom Flange | 102.1 | 1144 |+ 15.6

; Bottom Cover Plate | Eﬁog;g | 120.0 | 15.4 |

Table ITI

Plate | C | Mn P s | si cr | zr Mo

I '0.18 | 0.87 | 0.014 | 0.017 ;;0651 - 0.68 (0.08 | 0.20

| 348" | o0.17 | 0.70 | ©.009 | 0.019 | 0.55 | 0.53|0.08 | 0.20 |

- Table IV B

The girders® component parts were connected by 1/4" fillet welds

except around the ends of the partial length covér plates of girder Hl
where 3/8" fillet welds were used (Fig. 1). The submerged arc process was
employed for the welds between flanges and webs while manual welding was -

£ o

used elsewhere. All of the weld material had a_nomipal minimum tensile

o
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2.2 Test Setup

The girders were tested in the simply supported condition with roller
supports. at the ends and essentially a concentrated load at midspan pro-
ducing constant shear forces and linearly varying moments (Fig. 5). The
heavy flanges. to resist bending moments and the medium web thickness were
selected inwdésigning the girders so that with this test setup, failure
would occur in the webs due to shear, since the primary purpose of the
tests was to investigate the shear behavior of the girders. Thét shear
failures were to be expected was verifiedﬁby~conéﬁrugting an. "interaction
diagram"(4)'fbr each test (Fig. 6). In each diagram the inclined ray
from the origin represents the loading condition. .InterBGCtipn of this
ray with ‘the horizontal portion of the faflurE“anveldpe indiéates failure

due to shear. The calculation of these interaction diagrams is given in

,the Appendix.

’Loadeaﬁ'aPPIied'to the ;girder from the crosshead of the 5,000,000 Ib.

BaldwinHydraﬁliC'Univi;§a1Testing Machine through a :semi-spherical bear-

ing block. The'crosshéad could move only in the vertical direction, thus

;ﬁreventing;any’hqrizantal movement of the girders at midspan. To prevent

/
tilting'ofﬁa-girder, tWO;ﬁipéS of 2 1/2" diameter braced the.compre§530h;

flange. These pipes were connecfed to the girders just below the top

4

pipes were connected to a rigid, horizontal beam which was mounted on one

/flange at points 75" from the end supports. The other endsfgfltheibraqing

S

of the machine cotumns. Snug fitting 1" diameter pins at each end of these

pipes permitted some :vertical deflection while resisting horizontal move-
ment. In Fig. 7, H'PhotqgraphiShowing an overalﬁjview*offthéftest.éetup,

the bracing arrangement can be clearly seen.

-
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2.3 Instrumentation
mburing the tests measurements of vertical girdet deflection were made
to check the general performance of the girders while various web measure-

mentsj'simiiaﬁ to those made on mild steel girdér*webs,'were intended to

reveal the load response of the main shear-carrying coﬁﬁgpent of each girder.

‘Two indEpeﬁdéntisyStemS for‘recordinglvertical girder deflection pro-
Vidéd&a~con8tant'ChedkAfér~ea¢hfbther‘dﬁring testing. The first consisted
of an engineer's level and scales graduated to 0.01". Scales were mounted
at the centerline and over the SUpports'af each girder (Fig. 8) and on a
nearby building column (as ;ﬁreféfenCe sdale), Level readings on a center-
line scale gave the absolute deflection af’the:girder;'feiativefdeflection
-bétween centeiline'and.end supports could be obtained by making corrections

' girder at the center-

for support settlements. A dial gage located :under .
line constituted the second deflection measuring system: The gage stem
movement, indicated to 0.001", was a convénient means of checking the

deflection during loading.

It WaSaexpecteﬂ?ﬁhat_dutﬁdﬁ+5tf@ightnéss:of{girder~web87wau1d exist
before load applicatiOﬁ and that such web deflections would increase grad-
ually with load. To measure the initial web configuration and subsequent
deflected shapes, a special dial gage rig was employed(®). The rig con-

Ji

:éiStedjof'éipgrtable,.rigid frame on which were mounted seven dial gages

v

fanjmeaSuringgmqvement3to‘O;OOI in. First, the‘rig"waSaplaced against a

'machined-planélsUrfaCe<fdr*calibration. It was then placed against a

—

girder web at selected sections both béfore a test was started and at var-

o

"ious loads during fhgjcéétq The difference between these readings and

. those obtained_quﬁ;thé?géiibration‘surface,gave the initial web deflections

L]
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eand.latér~deflectign_Ganfiguratiﬁﬁé at the seven gage locations;

Strains at a few points: on a girder web were measured using rosettes )

of SR-4 (Al) electrical resistance strain gages (Fig. 7). Because of the

deflection of a girder -web, a rosette recorded a combination of membrane

strain and plate bending strain rather than the former;alﬁhe¢ By placing

identical rosettes opposite gachwother,(eachpside.of3thEEWEB), it was

pﬁssible to:Séparate'thése two types of strain: the average‘of‘the read-

ings from two opposite rosettes was the strain in the middle plane of the

web (membrane strain).
.‘” ~

ElongationS-across.the tensign-diagonal,of~a‘panel~wepe.measuréd with

“a hand entensometer to determine the distribution and variation of strain.

While the extensometer was similar to a Whittemore gage, it had a 3 1/2"

gage IEﬁgth~and;indicated.Changes‘in‘the gage length to 0.0001". -The

orientation and arragement of thgxextenscmeter]gagﬁ.poinﬁs for test H2-T1

sre shown in Fig.™9 where typical results are also indicated. Due to the

fact~that°repatttiVe'readingS of the ex;fnsometer diffEréd slightly5 three

readings were taken at each location, and the.averagezof the three was

regarded,as the~elongaﬁion;

Finally, to obtain a visual, 'QHalitativé*inﬂicatiOn:0£ the location

s o)

coated with“whitewash

PR Y

and extent of strain, all the -test girders were

train, PiECes‘of'tﬁe7brittle.millAscalé and

\Y

_yhitEQaSh.wouId flake fo‘thefsuf{ace of the steel.

prior to testing. Under hlgh :

ol




L 2.4 Testing Procedure

Testing of a girder was initiated by taking readings on all instruments

\

at zero loadf(load No. 1). After that, load was applied gradualf§fhp to a
4 predetermined level (load N¢: 2), whére measurements were again made. This
procedure was continued until inelastic behaviOI‘of;the‘girder'was-dbserv;d
(as indicated by a substantial increase in deflection per unftuload)i at
which point the load wés reduced to zero.. This:cqmpleted the first phase
(cycle) of loading. Starting from zero load, theﬁstep4by;step'loadipg pro-
cedure:was‘againAQSed in the Secandloéﬁi;g‘phase, this time all the way to

ultimate load. The first test (Tl) on a girder was teéerminated with the N

removal of load after ultimate load had been reached.

The attainment of ultimate load was accompanied by failure: of .onme
(or more) of the girder panels. A second test (T2) on a girder was made
possible by reinforcing the panels failed in the firStzteSt’SuﬁﬁlfhgtEthé
T;epaired:paneIS»would.be stronger tjéktheremaining original panels. This
failure-and-repiir séquence is illustrated in Fig. 10 where failuré in a
panel is indicated by the corresponding yield lines and the reinforcing

¥,
o

stiffeners are drawn in dashed lines.

The second test on a girder was carried cut. in the same manrer as the
first, except that after ultimate load had been reached in the second test
and thus when no additional tests were planned, an unloading curve was

obtained by, imposing additional deflection on the girdér and recording the

corresponding loads.

¢




b

251.29 - o “ - -10

..

The use of two loading phases in each test should be further discussed.

~3t_has been established that, in tests on welded, mild steel structudres,

me asurements taken while Ioading the structure for the first time cdn be
misleading due to the presence of residual strasées{gé) During the second
load @ycle,zhowever,;reSLdﬁai stresses will ‘have no effect for loads below
the maximum load 0£.the.fir3t,a§clé. With this in mind, twoiloading cycles
were used in all tests on the high strength steel girders. As will be
shown. later, the influence: of residual stresses during the first load cycle

was not nearly as pronounced in the high strength steel girders as it is

in mild steel girders.
B

Due to the dynamic Loaﬂing-éffect,;a definition must bé formulated to
specify the magnitude of an applied lead in the inelasti¢ range of girder
behavior. For these tests the applied load was defined as the foad corres-
1@onding to a .Zero strain rate, that is, the .load level after load had

. =
girder could sustain.

A graphical picturée of the ggneral test“prdcedure.can.be.obtained‘by
réf@friﬁg.tbfthe load-deflection diagramS”fOr'the tWQ_gi:dérs,v These
diagrams, Figs. 11 and 12, will be described in the following section.

-

J
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3. EXPERIMENTAL RESULTS

3};,fﬁenepal'Girder-Behévior

o«

The ‘generdal behavior of a girder can be depicted by a load-deflection |
. W l[
diagram. For girders H1l and H2, the applied load has been plotted against

centerline deflection to form Figs. 11 and 12, respectively. In these

figures , the th 1n SO]_ id llnes labele d v th T e p resent the elastic. cente rl lne H.

< _ |

deflection curves which were caleculated using beam theory including the |
. . ) ﬂ

- effect of shear deﬁOrmationa( ) The numbers .assigned to each load for 4
‘..

ease of reference are shown besidé the plotted points. Also shewn in the

diagrams are ‘the theoretical shear bucklinghlogds;{Pgr).and the predicted

W

ultimate loads (Puﬁh) for each test., (P,

(P, and P,"" will be further defined

and discussed in Seéction 4.)

With the load=deflection diagrams available, the complete testing
history of each girder can be traced, including the two tests on-ajgirder;
LI the two cycles of loading and the stabilizing of loads in the-inelasggé‘
region. It can be seen fromiFigswfll and 12.thét5zunfike~mild steel,girn . |

ders, the load-deflection behavior of the high strength steel girders did

not change significantly in the second load cycle. This is an indication

that residual stresses do nqtfplayaas great a role in high strength steel

< . {\\ "

girders. It is also clear from the diagrams that in each test the strength

. o of a girder differed considerably from the web buckling load,and that

beyond.tbe,méximﬁm.load a girder lest its strength only gradually as in-

creasing deflections were imposed on it (tests H1-T2).

%

With reference to Figs. 11 and 12, girder behavior for each indivi-

dual test will how be reviewed.
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Test Hl TL

Girder»Hl initially had one long panél with aﬂ=,3.0 and two shorter
paﬂﬁls with g = 1.5. TFailure was expected to occur in the Ipng.panelvin‘
test H1-T1l. As was anticipated, no suddEn‘buckling-of the web ‘occurred at
its t%eoretical buckling load of 377 kips; the web merely deflected'gradualky 
in the lateral (s) direction with increasing load. The first flaking of white-
wash was observed on the web at around 600 kips. When the applied load reached
about 670 kips (betwéen load Nos. 5 and;6)> a-sudden;rumblingﬁwés:heard. The
web was found tp”have'”Snapped=thrbugh” from one deflected,pé%ition to another
(from the positive # side to the negative s side) while the load had remained
stable. Only additional flaking of whitewash and increasingly visible web
;deflegtionS'werelobServedibétwéen this Iéad and 900 kips, the highest of the
first loading phase. The whitewash flaking clearly followed the geéneral :

direction of the panel's tension diagonal.

No sudden movement of the web could be detected visually :during the
unloading of the first load cycle and subsequent reloading in the second
1qad;§§cle,-althgugh.a IBW“rumblinngaS'hEard in the latter stép. Later
examination of the web defléction measurements (Section 3.2), howe§er,
showed that the web,had;returned'té its original configuration during
unloading and again snapped through when réloaded. The significance of this
repeated snap-through phenomén$h<iSsthatzit'didihOt cause girder failure
and didn't even result in a marked temporary disgontfgunity'of load

rAbéve'IZQQ kips (load No. 18), fine yield lines started to appear on
ttie web ne#;'theeareaS‘where-WhitéwaSh;fiﬁking had previously occurred.

The number of these yiéld lines increased with magnitude of load. Fig.
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13 gives an overall view of the panel at the ultimate load, 1260 kips.

funioadingéof'ﬁheTgirﬂéf completed the first test, HL-TI.

After the repair of the failed panel of test HI-T1 (Fig. 10), the
girder had three panels with a = 1.0 and two with g = 1.5 whére failure
was expected to occur in test H1-T2. The end ofsthe girder having the.
repaired panels was covered with a fresh coat of whitewash prior to
starting this test. At a load of 750 kips (load No. 26), flaking of
this new whitewash was observed in the repaired panels having g = 1.0.
This was: due. to the permanent web deformations which resulted from“test
H1-TL: the web deflection increased faster in theée-élﬁﬁady de flected
panels than in those with @ = 1.5. As higher loads were applied, flak-
ing started in the longer panels Whilé-ft-gﬁadﬂ311Y‘SEOPPéd in the
shorter ones. At 1350 kips (lead No. 29), strips without whitewash
could easily be seen oriented in the general direction of the tension
diagonals of the @ = 1.5 panels. Load was. then reduced to zero (load

.Nbf»30), completing the fi#st loading phase.
S -

The second loading phase of test HL-T2 produced .an incréasing amount
of whitewash flaking as load was increased beyond 1350 kips. (load No. 36).
An ultimate load of 1538 kips was attained. While ébtaiﬂiﬁg;an‘unléading
Curve as described in %S‘e"‘é.t"iioiﬂ_ 2.4, eéxcessive web defl ections cau séd slight
flange tilting. Some end post bending and yielding also occurréd. The
yield lines in the end post may be seen at the left side of Fig. 14, a
photograph taken after the test was completed and the girder removed from

the testing machine. As can also be seen from the extent of yielding din .

the two:Panelsylfailuré.dﬁcurreﬂ=intthﬁgfan6l near the girder end. The

oS ——————TET = =r =
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'Wéb.défieCtionS:in‘the,inﬁerfpanel weres.

argély-xecave@ed-du;inépunloading,

,Iesf_HZETl

*%§indlar~tq-girder Hl, girder H2 also had two different panel sizes,
iThreZQidentical longer panels with 4an aspect fatio‘of c =1.0 weremexPectedf
to fai}XT% the first. test. As in the previunIy‘described tests, no
"buckling'" of theé web could be detected at the theoretical buckling load
and flaking of whitewash occurred more and more with higher loads. The
thrééuSquaTE‘paneLs, subjected to the same shear fdrceiipeffbrmed §imi-

larly. At 1500 kips (load No. 7), the peak load of the first load cycle,

it was difficult to judge visually which panel would fail first.

As the applied léadiﬁg.exceedgﬁ the maximum load of the first cycle

i.A. (1500 kips) during the second load cycle, it gradually bscame apparent
from the size of the yielded zones ‘that failure would occuf‘in.the'inﬁege
mosit of the three panels. The appearance of these panels at the ultimate

load of 1834 kips is shown in Fig. 15. The test was terminated without

-obtainiﬁg-aﬁ_unlpading curve since another test on the girder was planned.

P

Eath,oﬁ;théthfeezpangis haVingaa;:«l,O-were repaired with the
addition of two pairs of vertical stiffeners (Fig. 10) before test H2-T2
wds started. Failure in this test wasiexpgcteHAtO‘dccun in one of the
six original panels having @ = 0.5. The behavior of ‘the girder during
the ffrst'loading phase was about the:same.aé that during test H2-TIl.
*Wﬁitewaéh,flaking started in the six panels between 1800 and 1950 kips

| ’
é(load,Nos%.Zjaand 26), and centinued through{thE1féSt fothé;firsg.cyclg,

! | y £
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During the.second:cycle,'yielding‘in the centermost panel bécame ﬁore
" and morezpronounced”agufﬁgfultimateldadqf 2250 kips' (load No. 40) was
approached. Fig. 16, a photograph taken after failure, shows the extent
‘bfiyielding_andashear'defotmation in this panel. This shear deformation |
increased while obtaining the unloading curve until, at load No. 43, due
to the very severe bending of the compression flange, a crack about 10"

long was opened in the fillet weld between the top flange and cover plate

over the.failed panelL

Summary of Ultimate Loads | o

With the exception of some minor differences; the two girders performed

-

in: a similar manner d&rihg<thé fdur tests. The experimentally obtained

ultimate loadsi(Puex)=differed‘from;tﬂét to test. For convenience of

comparison and later discussion these loads are listed in Table V with the

aspect ratios, the theoretical web: buckling loads and.theiaaiéulatéd theo-

retical ultimate loads.(Puth) for éachﬁtestj“ The latter two Véiue8~wi}l
-

begmoréfcomplétely défined in Section 4. TFor further compar£SQn‘Ehe ratio

“ay

.Qf'féfx‘tOfPuﬁh is given in the last column of the table.

Test | @ PCr (k) .Pﬂ (k) | Py (k);'Pu-/Pu |

HL-T1|3.0 | 370.8 | 9465 | 1260 | 1.33

CHL-T2 | 1.5 | 464.0 | 1420 | 1538 | 1.08

H2-TL| 1.0 | 594.4 | 1750 | 1834 | 1.05

H2-T2| 0.5 |1613.8 | 2286 | 2250 | 0.98

Table V

A part of table V is presented graﬁhically:iﬁ°Figu%l7w In this

ﬁ th | . | o P |
figure P~ is the ordinate while the yield strain is the abscissa. A

second abscissa scale is. shown for the more familiar quantity of yield
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stress: For a constant web ‘_S-{_Ife:i__t-ifdern'eiis‘s rat fo (5 = 127) N €ach curve
represents the shear theory (see Section 4) for a given value of @.

Solid dats are used to represent the test re.s;u'j-lfft.s for the high strength
steel girders and for two tests on .a mild steel girder (Girder El, Re £. 2)
which had a web slenderness ratio near 127. The correlation of test

résults with theory will be discussed later.,
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;3521”w3b333havior

As stated in Section 2.2, failure in¢eagh;gird€r‘téSt'WaS‘anfiCi’
pated~in the'wébwdue tOﬁsheér@ It is~evidént from fhefpreteeding.descripi
tion of general girder behavior that web y@él&ing and deformation -caused
?ﬁailure in each test, as expected. In this section the 'various measure-
ments taken to record the response of the web to applie& load will be

summarized.

Web Deflection

Initial de format ions exiSted.inifheSwebs of'both test giﬁdéfs; as
load?was*appliedfd&ning;testing, theserdeformationsfgxadually*increased;in_
magnitude. Deflected web configurations were measured using the dial gage
rig described in Section 2.3. As an example, the measured configurations
f@rione.transverse:secti§n;(x=+117ﬁ5) of test H1-T2 are shown in the top
part of Fig. 18. The deflection éata.has been plotted in this figufe»at
ﬁhe‘SQVEnygagéﬂpointé,and therapproximaté:deflection shapes shown by
connecting the pldtﬁed[pdints.with straight lines,.mgafﬁrthen indication
of the.gréz;&l growth of deflections, the lateral movement of the web at
midﬂepthgat thezéamE,Section haS been pIOttedjagainst the appkiéd»load in
the Iowéx portiﬁﬁ~0f\the figure. At‘the'pltimate load of 1538 kips (load
No. 38), the maximum deflection w of ghe~webiwa3fabout'b~5/8.inchesuin-the

negative g - direction:

Diagrams similar to that in the upper portion of Fig. 18 have been
éhperimpoSédfonzgievafion=views»¢f?the girders in Figs. 19 and 20. For
each 6f the two tests on girder HL (Fig. i9)x'defIECtEd‘Cbnfigurétibns
dt three sections in a panel are shawn} jFar;girder;H24(Figw 20), the

deflection patterns are shown only for the center sections of the panels.




s S

In éach case the deflected shapezlabeledfwith_the lowest load number
qbrreéponds to measuréements taken after the first load tycle of a test
was completed and load. reduced to zero. These shapes differed very little
from those measured before a test was started. The magnitude of applied
Iqadncarrespondisg to the load mumbers may be found by referring to the
appropriate Loadedeigection curve (Fig. 11 or 12). Erém‘girﬁer H1,
especialiy~tg§t“H2,it is.quite clear that‘tﬁe;defbrmations;ermed
vdlleys in the'webuwhiCh'Wefefﬁérallei~to theigenéral-direction of the
tension diagonals of the panels énd.thus were indicative of tension

field action.

Strains in Girder Webs

That the“Webastrains.ﬁqnformedAwithvdeflections_caﬁ bé’in£erpreted

:ftbm-the:elongation.measurements on the web. Typiéal hanll extensometer

results are shown in Fig. 9 for the emd panel of test H2-Tl. The location

of the gage points are indicated in the lower portionm of the figure and

, | | o - | y |
the measured strains arg plotted from the centerline of the gage- lengths
in theaupperprrtion. 'For-compariSOn purposes,rthe yield=strain:is

shown by a Iight:SolLdiline on. the plots and is also indiCated'Qn'the w

strain scale. It can be seen from the figure that strains increased

with load-andfthat as web deflections increang,~elongatiQns became less

uniform across a set of gage lines. aﬂpﬁroximately-aleng the -diagonal
where web deflection valleys formed, the elongations were moré pronounced--

anotheér indidation~of‘tension_field action.

The gradual change of WEbrSttain~with'Load_¢an’also be seen. from the

results obtained from SR-4 gage rosettes. Ff%f ZI_indi%gtes this gradual
| - e B
change at two points in the end panel of test H2-T1. Principal stresses




determined from the rosette data are shown for three different loads in the
figure. At a relat ively low load, these principal -S‘t.re»-s,»s.:efs (solid 1lines ) were
about the same as those predicted using beam theory (dashed 1lines). When
higher loads were ;a,ppiil-jise d, the magnitude of the measured principal stresses
increased gradually in the direction of the tension diagonals. This redr-

rangement of stress iIn response to increasing load is still another indication

of tension field action.
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ﬁBefdté.CQmparing'the-téstzresultSpwiththe theoretically predicted
strength of the girders, it will be helpful to review the shéar strength
ﬁheory;upQﬁVWhich these prédictions.arerbased, This,theory is. derived and

discussed in Ref. 1~and'wilL:Only be summarized briefly here.

It has long beanirecquized.that the attainment :of the web buckling

stress does not limit the strength of a girder. Post-buckling strength

L
f 3 | e | o ) |
must be evaluated tooestablishrthescarrying.Capacitys In the case of a

girder subjected to shear, the source of post-buckling strength. lies <in ‘the
framing elements of .the web. Anchored by the transverse stiffeners, tlanges
and neighboringwpan%lsd the web is able to sustain shear forces in excess of
ﬁhg."buckling”.shear force in a manner  analogous: to a Pratt truss panel

where the tens{on‘diagonals;are«SUPPQrtéd By~the‘vertital.QOmpression-Sﬁnuts

and the chord members. )
! 0

In-the~developmént?cf:the shear Strength,théqry, the classical method
of resisting shear byﬂshearingastresses in the-webamaylbe termed “beatn
HQEIOAEYWhilethe méthodrof'resfsting;shear by:tEnsibefmembrane stresses
in the web is called'”teﬁsion%field;actiqn”; Iﬁ;is'assumed;that applied
shear is carriédrbyrbeam-actipﬁ up to the buckling load but that thereafter
all additignal shear is carried by tension field action. Thus the ultimate

shear force is expressed as

where VT.iS‘the beam action contribution and V is the conttibution due t§

tension field action.
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The beam action shear VT can be represented by the product of the weh

ared and thie critical shear stress Topr

V?,=”thcr, (3)

while: V_ can. be evaluated from the geometry and equilibrium of the tension
p- vatua €

field; resulting in

V_ = o be/ (2 THad), (&%)

where o is the tension field stress and @ is the aspect ratio or ratio of

panel width to depth.

When the two contributions to the shear strength given by Egs. 3 and &

:are*subStitutedfiﬁtO.Eq,AZ;~énd‘the‘ﬁéfiniﬂiﬁnS.Vb = bt andzwyr=:oy/f§73re

used with some approximations, the desired sshear strength formula is obtdined,

(5)

Vo TV 2 TTqr

This is the expression which was represented by Eq. 1 in the Introduction.

~ The buckling stress is given by

Ter T F 12(1-v%) b | (6)

where k is the 'shear buckling coefficient fbr'simP1Y~Suppﬂrted'Tectaﬁgulﬁr
plates, | 5.34

k =4 00 + g2 , when = 1

or R 4 00 (7 )

k = 5.34 + "gz , when o = 1

For cases where Ty

- is above the proportional limit, a consideration of

imelastic buckling or strain hardening has to be made. This topic is
discussed in Ref. 1. Since Tsp for each :0f the four téests described in this

report was. below the proportional limit, Eqs. 6 and 7 are applicable.

For a constant web slenderness ratio (g = b/t) and a given aspect ratio
(@), the shear buckling stress is a constant which. can be obtained from Egs.

6 and 7. Conse quent] ys the shear strength of a girder panel is a function




......

of T
y

alone (Eq. 5). For the setup of the test girders,; V. = 1/2 .‘P__ﬁ (while

v =1/2P _=1/2 ¢ A ) and, since 1 _-= ﬁ =— ¢ ; the theoretically
" er W . Ty 3 1 37 Yy

predicted load P is a function of the yield strain e, through Eq. 5. The
relationship is a linear ome-and is presented graphically in Fig. 17 for

various values ofa@.

»’“"o’




5. CORRELATION OF EXPERIMENTAL RESULTS WITH THEORY

5.1 Comparison of Observed and Predicted Strengths

The theory reviewed in the preceding section furnishes a means of
'predicting Shéar’SttEHgthﬁéf a,gifder prpyidingiadequate anchoragé for the
web exists so that tension field action can develop. The deformations -and
_gtféin-distribution,aSSoéiate& with thé ultimate shear force are not speci-
fied by the theory. Since the two highrstrength,steel'test girders. exhibited
deformations and strain distributions similar to those encountered in mild

(2)

steel girders °, discussion of the test results will be concentrated on the

4

correlation between the predicted and the actually observed ultimate loads.

load for each girder test are listed. From the last column of the table, it
can be seen that differences between these two loads aré~Withiﬁ'tGﬁ—PEféenﬁ
except in the case of test HL-Tl. A difference of up to ten percent is

acceptable because of the usual scattering of experimental results. (About

the same deviation was obtained for the mild steel girder tests, Ref. 1.)
However, the amount by which the observed ultimate load of test H1-T1

exceeded the predicted strength. may not be attributed to the usual scatter,

An examination of Table V:réveals that the test results exceeded the
predictions to a greater'extent_aSchesaSPECt ratio increased. This trend
iSWaISd indicated by an ultimate load vs. aspect ratio (Ph_vs.(x) diagram;
Fig. 22. 1In the diagram the test results are shown with vertical bars at
~ their respectivecz-values‘while,the‘pfeﬁicted~strEﬁgth;is represented by a
curve based on Eq. 5. If a similar diagram were plotted for the mild steel
girder tests, the same trend would. be observed. (See Table 1 of Ref. 1).

"y,




——

ex th

‘The differerice between P, and P, 1is less in the case of mild steel, being
4 11% for test E1-Tl (Ref. 1) as compared with + 33% for test HL-TL, both
witha= 3.0. Nevertheless, the fact thaf this difference increases with ¢

seems to be well established. The reason for this behavior should now be

examined.




5.2 Influence of Panel Boundaries

It was pointed out in Section 4 that the SHeaf=s¢fengthquaa;gir&er'is

assumed to comsist of two parts: "beam action" and'tension field action!'.

In the formulation of the theory, it was suggested that the beam action
gontriBUtiQn:Shauld.be.computed using,éwsimply~éup§0rte&é(hiﬂged)‘édge
condition for the web panels (Eq. 7). If the actual boundary conditions
are such that the wéb is partially restrained along the flanges, what is

the effect of aspect ratio on the beam action contribution?

Since the influénce of boundary conditions is reflected in the shear

\
i

@ can be explained with the aid of a k vs. g diagram, Such a diagram is
< ~ N |

0

"shown in Fig. 23 for two extreme cases. the most flexible condition of

buckling coefficient k, the variation of the beam ac

tion contribution with

simply-supported edges all aroun& and the condition of full restraint .along
(6)

t | N
the beam action contribution. changes with aspect ratio.  ThE-diff€r€ﬂCe in

the flanges and simply-supported along the stiffeners. For both-cases,
k-values' amounts to about 5% for @ = 0.5 and about 66% <;or a=3.0. This
means that for small values of @ (narrow panels), the actual beam action
CoﬁtfibUtiQn,can.differ'oﬁly slightly from the computed'valuel‘Wﬁilﬁ for
:higher values of a:(long'panels).the;bOundary restraint may increase the

beam action contribution to a greater extent.

The effect df‘boundary‘canditiQHSwon-the total shear strength, however,
differs from that on beam action. The latter is only one of the two contri-

butions to. the shear strength (Eq. 2). Because ‘the tension field action

part is related to the beéam dction part'through~a:yield condition a
larger amount of beam action leaves a smaller margin for the development of

tension field action. The net result is that for long panels (high ¢ ),




simply-supported edges, but this effect is not as pronouncéd as it is for

beam action alone’ .

The actual shear strength increase does not only depend on the: aspect
ratio:axand‘the boundary'¢ondipidns which have been discussed above, It is
also affected by the web slenderness ratio g, the yield stress and the
residual stresses in a girder. Providing all other parameters are held
coustant, a'relatively le‘Valuquf'B-(stOCky-web) results in beam action
contributing a large proportion of the shear strength. 1In this case the
possibility of the ultimate shear load to exceed the prediction is relatively
high (at least for long panels). For higher p - values (slender webs), beam
action contributes only -a small amount while tension field action predominates;

thus the influence of edge restraint is likely to be smaller.

o

e




251.29 R ; “ -27

5;3?»Effect.of Residual Stresﬁgg

The reasoning of Section 5.2 @ccounts for the deviation between the test
results and predictions for long éanelsm It does not explain why this deviation
is greater for high strength steel girders. The answer to @hiS'qUeSiiOH lies
mainly in the existance of residual stresses in plate girders, especially

welded’ plate girders.

The residual stresses at the wgbato-flangelfilLet*weldsiare tensile
stresses nf-high intensity, equal in.magnitude~to the yield.point of the
WEld“matériélx(Z) For mild steel girders this yield point is in general
higher “than that of the base metal. Along the heat-affECted;one~adjaCEﬁt
in the welds, the magnitude ofithéiréSidual stress is ofténndompatable:ta
the yield point of mild steel. Adding to this the bending and shear
stresses which arise in>deVeLoping,theA;trength_of'a:girdér, a:Strip'of
yielded material is often formed along Ehéiglangesj.resulting in a yield
hinge. Thus thé restraint on the web is reduced and the situation fé
closer to the simply-supported boundary condition. wAdEOrdingly;fSuChia
condition is assumed ‘in the formulation of the shear strength theory.

For high strength steel girders, such as those described in this report,
the yield point of the base metal is high;r"than that of the metal (about
110 ksi to 70 ksi for the present case). There:ﬁxiStS~aIange'margin between
the yield point,and=th6JEESidUal StréésralQﬁg the welds and thus the chance
of forming a yield hirge is reduced. For these girders, then, the boundary
cogdiﬁibn.for the'wéb:along the flanges is-closer to clamped than simply-
supported. As longer panels are used, the beam action contribution exceeds

that foramild~st631-girders more because of this.restraint,;an& the observed

shear strength becomes higher than the prediction accordingly.
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1t would seem logical to assume in the theory that, for high strength

steel girders,fthé.Wéb'iS partially negﬁﬁaihédﬁby the flanges. However, a

- difficul ty arises in.the determination 'fo— the amount of restraint which
actually develops. Thi& is: not bnly'ahfuncfion-df fhe g£rder‘geom€try~but
also is affected by the magnitude of the residual stresses as explained
sbové. Until more quantitative information is available on the latter, it
would be safe to assume simply-supported edges along the flanges for girders

made of any steel.
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6. CONCLUSIONS -

‘The shéar strength thEOry’developed,in Ref;,lﬂpredi@ts that, for glaﬁé
girders having the same geometry,;shear Stféngthwi&‘r615£6d to the ‘yield
stress of the;girder'material as-shown:iﬂ,Fié..lyk This prediction has mnow

heEn;confirmed by the tests~d§§Fribedinthis_repGrt.

If any trend can be seen from the four tests, it is that the tendency
for thé theory to be chSéryativéfof,girdérs*with lgngvpénelSWmay be more

P ronounced when the gir ders are made of high strength steel.

Since the theory is appli cable for mild steel g irders and for high
strength Steel,girders,gby interpolation it ist also be:applicablecfor
girders made of other stee lé with yield points between these two. extreme
cgsesé :ThafEque, it is recommEﬁded'éhat this:sh%ar SLrengthitheﬁryjbe-

used foriall'prégeﬁtlyfayailable structural stéels.
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NOMENCLATURE

A = web area, bt

€3]
]

modulus “of elasticity,; 29,600

z.
!

appliéd behdingwmomenx

ultimate bending moment

=
[

s
]

g = yield moment

o
i

o
i

theoretical shear buckling load; 1op Ay

H

experimentalLy observed ultimate load

i

theoretical ultimate load, 2V,

<
I

applied shear force

"

plastic shear force, 1y A

theoretical ultimate shear force

Il

tension field action shear force

<
Q
I

beam action shear force

<,
]

]

web depth

i

shear buckling coefficient.
t = web thickneéss

vertical deflection at girder midspan

-

<
]

web deflection (in & direction)

)
I

ol
<
™

!

Cartesian coordinates (in inches) having origin at geometric center
of the girder web ’

v

aspect ratio, ratio of panel length to web depth

i

slendernéss ratio, ratio of web depth to web thickness

!

m
I

yleld strain, o /E
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shear yield stress, oy/ 3

Poisson's ratio, 0.3

tension field stress

ultimate tensile stress

yield stress

theoretical shear buckling stress

=31




_ APPENDIX

\

Use of Interaction Diagram to Predict Failure Mode

" The results of-a study ofjpossible-interaction between moment and

shear are shoun belov in an interaction diagram. In the diagram the ordinate

is the ratio of:the:appliedishéar‘faree V to ‘the Ultimate‘Shear'fOICe~vu and
the abscissa is the ratio of the: applied bending woment M to the yield moment
Myy where My-is defined as the moment reqUired to initiate»yieldingfat the

extreme fiber of ‘the compression flange. When the geometry and material of

a girder are spéeifiad, the-diagpam:can,easily'be_constructed,

The interaction diagram is useful for predicting the mode of failure
to be expected of a girder subjected to a given loading condition. If &
ray iS‘PlOtt€d~paSSing through the. Q%@éin.and havfng.a;lepe representing
the given loading condition, the interaction of this ray with the diagram
SPéCifiegwthe failure mode to be expected. An intersection with theJEOriw
zontal ParthB indicates a s&earfailureb one with the vertics! line €D

indicates a bending failure and one with the inclined portion BC predicts

a failure due to the combined effects of moment and shear .
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As an example, calculations will be shown for test Hi1-T1. From the
dimensions of the girder and yield point of the steel, the yield moment
and the ultimate shéar force were computed:

M, = 194,000 kip-in.

V, = 473 kips

_P/2

. P

oMV, T

W2 o M

(8)

where x is the moment arm to the critical section. = Numerically, using

a value of x = 125",
Slope =v473x125 = 3.28

The resulting interaction diagram is shown in Fig. 6 along ;with those for

the other tests. It is seen from the didgrams that a shear failure is

indicated for all four tests.

A




7% 1" —/

Typ.

[er

\l 8 n';.x I..lg"

BOTH ENDS

: RN y4 90 3/8 36
/7T GROER HI 7 PTe D5, Vi

N

v

%e Typ.

17
Typ.

suxs/an‘eu
~—8%"x1"x 44" 50" x ¥5" WEB 5"x ¥a"x 4 Ya"— o4 Typ, «
Typ % |
L L ] | | .
o 18"x 1"— 17— l
: " ! n [ D n h ! n [ L}
10 6'-3" 6 -3 |10 : 6'-3 6'-3 10
R = — 29
7'-0" 13'-6" 70"
_ | LINIE
f’-'S“X|. /—‘|7" I' GIRDER H2 L , yp.
|
| ol
-'85%"X|"X4l/4. - 5"X%"X4’|/4" son.xyeu WEB _¢
Typ. Typ.

IB"xI’—/} kl?"xl"

3@ 4-2"

6 @ zl-lll

Fig. 1

Test Girders HI and H?2




IR_—X

@ Dénotes Coupon Plate

Fig. 2 Cutting Diagram for Girder H|

TOP FLANGE ©
COVER PLATE @ COVER PLATE ©
End Plates ®
Y
D BOTTOM FLANGE N Bearing Stiffeners
29 -8
3/8 i A Repair Stiffeners —
| 1 j 1. | 1

Intermediate Stiffeners £ -
(0))
WEB !
@ A\ 8
B 33' -6 .




'nm_l

End Plate —

TOP FLANGE

4

TOP COVER PLATE

BOTTOM COVER PLATE

6'— O”

BOTTOM FLANGE

@ Denotes Coupon Plate

N

Fig. 3 Cutting Diagram for Girder H2

34 -5 ]
3/8 R \ Repair Stiffeners—7
| 1 i | 1 | 1 1 / T
Intermediate Stiffeners o0
_
WEB T
. 1
330— 6"
eat—




Y T T <<<q_‘<* LEN SLERS EEID an an A0 B B O ) S 250 SR.EESR Snam o s v T rr YT ~44< v n —r—r—r—— v
PR IR E: B B AR R i ate san SEBRIRERY LR I I A T T R I T SRR L . o i sce v e e .o LIRS . . e e e . . e e e e e
- e e e e o PR TR SR I PRI S e . ..‘..r_...<...vdq‘o.....'.. I R L BT e s o e e e D . L .
It R B R R P SRR T T IE S T SrI- UMD SIS SURPUTUIUY (NP (NPT IR SRR
- + ,— ' '
e T T T T S T S e o st v e e e F T S S T v e P ..c#n*.?ﬁoa e 4 e e e e “ e s e .« . e r . P
e P T T T v et et b e e d e oo, e P T T L I R R LT T T AT PP P ﬁ.a II4.|¢ D S e S L S S DI S .
v006¢§¢.4l+.?.v'1'<‘¢o.xvsivf'ﬁ94.04.«.....o;o......!......,.....‘.....o....?yr.........-..oqo....\... DI T T T e A e s e v e s e Ce e e e e e e
.ItroO..éLIOQAv410,véTO.?uﬂJJ%IO#lT.yYq.‘n.....;..'-.~‘..r'~'v1.. b e ey e e C e e e e B S S .. e e © e e e e e e
R e e et TN SR T T Sl ot oo SoF Sios Sy S ) S VUL SN i S R R e S R IR S B T T e S e e e e
00"44,14I4|4]|§4‘0f.¢o?¢tLv4.¢~'o.'u.w P s b e e e v v et e e oo R e A R S T T I T S S A . I S T S S
o p—t—t v - + + o - - + +
16.000,+|0.4|+|01f060..41f‘. L R R R I R D T S R . S R G D R . T T S e e s e e . e e e
. T (- . ! ) .
v.éf.ﬁo.l.ﬁu?lﬁtqrt.. R R R R R ST o S P L R A N R R I IR SR BRI NPT T I b JIE SRPU LRI SR TR TR T S SN S O R I T T T [
: BE . . _
b e e 4 DT TR SR I R ot T T T I o T T S S O o e e e e e e e s e e e e § . S
I . - .
4.1.44+04|¢c L e IR TR SRR S D T A T S N N B R I I N e S T D N T e e e e e s e e e e e e e e e e 4t
L I . ¢
LOIY#.&..ﬂ§4Avt R R R I I I NE ST OGS SU P SRR DU D R b T T T P S S S e e e e e e he e
SR mnaeatadis Sl IR R TR T TIE TN SRV UI O e e e e e L R IR D I I R R R I e e v e e e e D R B TR D R T S S Sl e e e we s
RS D I B ST N OO T ee e ey e R T S S e A T T TR T S S S T “ s e e e e e e T e v e e b e e T e i e e i s
L "
S S e B R i T T e S S U U E N PP TIPS e U .. F S S Y D
e 0‘#.0‘...4#..0'?0.;,'.. e e e e e C e ey ey . T T TR U S Y v e e e e “ e e s e e e e e e EE SR
P 1 " . oo -
—— - . - + + - t t et : ++ - -
R AR T e R A e el T JICJNT Iy SO £ R SO 4.*.‘>4‘5..L....;..0. et e s . [ e o e e e e e e s . . R « ©
I . . AN
Ehaate SALIRTEIAZE IR R i e IR NPT S N I TE T S P S J O SR SRR SR S D T T T Y
El .. ’ .
SadhdiCR SE i e R T SRR RL IR IR RPN S SO T T S VI K i - Ca e e . e ee e e e R I Y e e e e e e e D S, e s e e e e
. P ' .
l.1¢...4.4¢ff.4...|.¥44,.Yb;Jfol..yff..i...f.%.qo.‘...YAv..v‘...'A.<*.o:6..A<v..c..4o.....‘..q.ol..¢. E e T S S Y
) .
B S i e I O R  r T e T ST e L e ok SRR S T D Y o el e e b R I T PR P - . . . e e e Se e s e e e D T T I
AR e R R S R S R Y v e e e e el e e v e e s . e . v e s e vy 3 -h c e e e s S ey 4. R T VI T U - v e . . Ce e e e e e e e e e e e L. .
! [ N . . . .
R T e T S S e S e S S e e e e e e PR S SR O S F O S AN PR e e e e e C e e e e e s e s s
i ! "
AR R I S T Tk T T T i Ui Aot U N e . e e e et e e b e e ey ﬁl.llr...‘....o.w0<. R c e e e Q -4 R Ce e e e e . .
- e : . - +
ng + N ~—t q
R R T S PAEPUPEE S e e sie e e e e R MDY GGG NG ENEN e e e e e s e e e pte & D S O N .- e e e e e e e e N .
o O TR T S PR e e e e e e e e C e e e et e e e e e R IR SRR ¥ « PN e e e e - h i
oI R A S e e T T e T e e e e e e .ol!)l.v.e... . . P P - ioa e e e e o e v e ﬁ e mm L PO R N
I T TR S B T o PN . . R .. P O . e e bt . B N N - . - - .
B o
IR e R B e e el o A T e N “ 4 T et - e e e e e s e e e b e e e e o.: -, - G e e e - .
. ,._ t
L. " . .
R R R R T I L T S e e e O O e S 3 e. N s
DI e v e e e . n '...u... e e e e S e e b e e e e e P .. . .n....w ."..8 . -
o p— 1 4 ot
R RN TR S SRS R G . e e u . [ N B I I e e e e c e e o... e e e e .. .o A
L U SRR '_w l?l_.-fvi' .8
. - ot o
i i el . L b :
- MR ———t—t—t—t - * + -+
R S N ST I . . . R R Iy [P I S - A &
AR A I I R T N L N RT S O .. . . ... Mam m..w RN D R P A Y - s e .. N 3 . b o . e e e e e

0

recorded

i

’
0
.
.
.
.
.

]
.

.
.
.
.

.
‘
-
.
+
S
+
-
[

66
g
GPH4B

- Extensome
removed

29/9

17 a8 m®¢¢ BAlY Padnpay ud) i34 98°0l uonsduolyg IUID) Jag c_\qu To8gouy - _Om o | uonBBUO[Y
02 €l UIPS AT g ABmAIN 5 4G ) UI 'S 9T Iui0g PRI

N ey e e e e .. . .44 N .O....fo‘.., LR S Y Ce v C e e . e e . s e e e e e s s e e s
; ;
|
J N .y . . 44 R o R, ST L. .- N N . e e e e e P S e e e e
, Foag « b I :
— t +—-ap +— :
3 - re e e e .o Y e s e s L N A e e e .. L T S B T TN D S P T S ......‘.L&
” Y e e i e ua .. F e I T R N Ce e e e e P
. S T TN .. v e e, e e e e P e e e e D S T P D . e e e e
D P C e e e . P e e Y e e ey Ve e e e e e e e e N
- eV T e e e R L s e e e e P N . D S L e EEE R S SN L N S T Y T T Foe e e e e e e
. P SO R R S SR D FE R S e e e C e e e e e e “ . .o .o D T SRS Y LT S S PO S I B T TN T
. L I T [ R A .o P L A R R B i L A T T . e e e e S R A R Coe s
? - : ' o
+ b i .
+ — -+ =t . + T + t ——— ———t—t * — * ——y ——t
! - i g
N R R LI I O T S R I I T . e T e N R O e e e - PRI ST S PR R A T - S S S T TH SRS B u«...é
vv.....'.. R P . . vy D S T e e s e e s . 4 e e R R P e Yo e s v e e e L P T &
. .. L T T S S S R L R Y P N R S RIS S L T .. e e e LT T S SO LI Y LA SRR S B o e e e e ey o
. L L R R T Y L R AR I SRS PSP SR T TP . e e L LI . LA B S P e e e e D TR S S S I )
v, B I ST S, I T T D T L T C e e e . . B S S O TN B 6 e e e e
. ! .
LR A N R TSR VU i e e ¥ e e 2T . P L S D S T S PO, e . e e P .. . e ouis e e e s e e e e e e P e e e e L S RO T S TR S
D S e v e e L R D S O S PR TSN .. . F R S, P P A B TS Qe e e e e e [ T
[ . i .
LI R Y LR A o e e e v e e e . R I S AR A P P e e e e e “ . L N o s s L N Y D DT
X t . ! .
i . 4o 4 — : :

+—+ i + + —r—— r t + + —r + + + + v —r———t = —t
S T SN e ey e . Coee e e T LU SR Poeoe e b o . o e e .. C e e e e e e e e e s e e PR TS SN L T ST Y L N IR <......‘.n...
b v v B S S S S e e e e e . e b e ey by L 0o .. . .. . e e e e e Cos e e e e e L T

Lo . R . :
R R I I ) R T T T b Y e e .. D IR BRI e v ey . PRI S P L b oeae e e s e e et . P e e ey R S R L

| | . . X :
v&i%«ﬁq‘.. D T S SN $ e e e s P R S v b e 4 v . v ’....J..‘ e e e e e .. e . DR S R e e ey e b L S P e e d .
=4+ ¢ 0 s ¢ b4 b b e acare 6. e L I N R Ry L B R I T S R T S Y R T L T D TP S P D SRR T Y D A R T 2 R D R N T ) L T R T ]

(I P : ' ' .
L P R R S PP e e e . e C s 4 e eea a s D O S R S A ) PSR S e....... ' o- Coe e e P e e e e ¥ e s D S I b e h e e P
AR SRR DI SRR SR S S P R S VI P P o .- - R N S S TP e e e B P ¢ .

. EI . «

'...%.w' P S . [ . P . e e e .. N . . e e i e e e D S T Ve e e e ey P T T R T

* + T + T -t +—+ + +

* A M T .. s st T N . ¥ .o
i . .
P D T T T S T I S S . AN . y . « 3 . Aok e e e e s e R RS PR R SR Y
S IR AR TS SEIETE T N S P S G B . . . . . . . SN PR T I PRI TSRV BN
3 ! P . .
v e w oy L A N ) e e e L e e e e e e R T T v s bapmm ., ., AN . .« . L A [ R S S R T I N ) DTS o
b+ + e R Y L T VU D S Yor e § e e a sy b e e e .G.... . . .. v e LI I Y R R L ERINIE O IR SR P I
: e ey T N Poe s e s PR e e e e e e e e . . . P . ‘e .. Ve e e ey P Ce e e v [ T
5 . o oot ' T N
e P, P v e e . s . . e e e Y F e e e ey Vo e e ey e P T s e e e e B
.. e Soe e e S . - Coe e e e e e e e ey L T P T Boe e e e e e e
. | .
e e e e - D I T T PO, Ee e e e e Ve e e e e . . . .. e e e e e e T R Yoe e e e e e T TR
[
. . N —

* - . ’ + + \. + r—r—t——tp——t +——+ - +
e T R P e e e e e e e . e e e e . LI T CE e e e N
L T T C b e e e e s LV e e e e NN e e e e . e e e e S T SN I R
I N ST SR Ve e e e e e P Ve v e e e e E .. Ve e e e s e e, e e e e e B F
P Ve e e e PR . G e e e e e . . . [ T T RN . Coe e e

| L (D

L I N bde v e e e e . . . e e e e Ve e e e, e e .o e
oo L . TR PR P . S T .o . A I L - . . V’ .

. ‘ . N . Y ———t L LI N

SANNOd NI avon e

2U!16S°0 BIVLECO XIOGIPHS 8b H4D °N L

TINIUS OLSEN TESTING MACHINE (O

Result

0.00l in/in

STRAIN, lun

PRINTRD IN U.8.A.

S

IC

4 Typ

1g.

al Coupon Test

B




25‘~,;0‘OQ;,OOO Ib. Testing Machine

— _°

Al

/"l_'o-l'e.ra.l Support. Pipe

" Fig. 5 Test Setup




1.0 - 1.0
06 06
HI-TI HI-T2
| — 4
0 075 10 My, 0 075 10 My,
y y
Wl "l

H2-TlI

0 075 10 My, O
. y

Fig 6 Interaction Diagrams




Fig. 7 Test Setup (Girder H2)
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Fig. I5 Girder H2 After Test Tl
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