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Abstract

The shear strengths of ten slender, built-up, fiesgd, tapered I-shaped specimens were
measured and compared to strength predictions dehpusing the AISC 2018pecification
method and a new method proposed by S.C. Lee, Yobl. and colleaguesThe comparisons
indicate that the AISC 201(pecification shear strength prediction method is overly
conservative and that the Lee et al. method israteu The method by Lee et al. takes into
account certain assumptions and mechanics, ingudialistic boundary conditions at the web-
flange connection and post-buckling strength, tete not used in the development of the AISC
2010 Specification shear strength equations but seem to be indichyedhe experimental
research.

1. Introduction

Over the last five decades, steel plate girderrshgangth has been the subject of numerous
research projects, most of which focused on quangfthe ultimate strength including post
buckling strength (tension field action (TFA)) okl panels bounded by transverse stiffeners.
Few projects have been completed on unstiffeneté gaders. Similarly, few projects have
been completed on the subject of tapered membear,shed none on unstiffened tapered
members shear strength. However, unstiffened é¢dpplate girders are commonly used as
bridge girders and metal building system raftdrsthese applications, the web plates are often
optimized, increasing the likelihood that shearersgth will control the design, and thus
increasing the importance of having an accuratarstteength prediction method. Therefore, the
objective of this research was to determine their@oy of shear strength prediction methods
available in the literature.

2. LiteratureReview

The most widely cited research, published by Baslé®61, forms the basis of the current AISC
Soecification (2010) Sections G2 and G3. Basler (1961) stdtadthe ultimate shear strength is
the sum of the shear buckling and post-bucklingngfth provided by tension field action (TFA).
The fundamental assumption is that, at loads béh@nshear buckling load, the web is subjected
to a stress state with pure shear (equal compeessid tensile principal stresses), but the
compressive stress does not increase after sheklifgy Therefore, to allow the tensile stress
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field to further increase, some other element mpustide the equilibrating compressive force (or
otherwise, vertical equilibrium is not satisfied @ free body diagram of a portion of the web).
Basler (1961) reasoned that transverse shearm&ierovide the necessary compressive force
and the plate girder performs much like a Praggrwith the diagonals in tension and vertical
stiffeners in compression. Therefore, by Baslegasoning, unstiffened plate girders have no
tension field action, so the total shear strengtiné shear buckling strength.

To compute the shear buckling strength, Basletextawith the classical plate buckling equation
which is presented in numerous textbooks includBigich (1952), Timoshenko and Gere
(1961), and Salmon, Johnson, and Malhas (2009):

k,m*E
Te = vz 2 (1)
12(1 —v?)(h/t,,)
where
1. = elastic shear buckling stress
k, = plate shear buckling coefficient for shear stress

h = web plate height
ty, = web thickness

The plate shear buckling coefficiek, is a function of the web panel aspect radith,(wherea

is the clear distance between transverse stiffgraard the type of boundary condition at the
flange—simply supported (hinged), fixed, or someghin between. Basler (1961) chose the
most conservative boundary condition option: simgupported connection between the web and
flanges. Porter et al. (1975) also used this valugleich (1952) provided the following
equations for the simply supported web shear bogltioefficient, denoted here kg(the first
subscript to denote shear; the second subscriptaites simply supported connection at the
flanges). For long panels such as the ones ofesitén the present study, the shear buckling
coefficient,k,= 5.34 which is approximately the value adoptedhayAlSC Specification (AISC
2010) Section G%, = 5.

ke = 5'34+(a/4_h)2 fora/h =1 (2)
.34
kss:4+mf07"a/h<1 (3)

Basler's equations were first adopted into the AEBp&ification in 1963, and have been carried
forward to the 201@pecification, as shown below.

V, = 0.6F,A,C, (4)

whereC, is the ratio of the shear buckling strength togfastic (full yield) shear strength.
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On the other end of the spectrum, Chern and Ostap€h969) used the plate buckling
coefficient shown in Eqg. (5) and (6) for a rotatdig fixed boundary at the top and bottom of the
web. For panels with largeh, k,= 8.98, a result also given by Timoshenko and GE961).

561 1.9

ksf = 8.98 + @2 (a/h)? fora/h =1 (5)

k=t 4231 3444839 fora/n<1 (6)
Sf = Cagnye Ty T3+ 839y fora

Lee et al. (1996) proposed the following shear bogkcoefficient equations for rectangular
panels of I-shaped beams where Eg. (7) and Eqre@mble a condition between simply
supported and rotationally fixed, closer to rotasily fixed, that is a more realistic
representation of the boundary condition.

2 t t
ky = kss + 0.8(kss — kss) [1 — §(2 — t—f)] for 0.5 < t—f <2 (7)
w

w

tr
ky = kgs + 0.8(kss — kgs) for o >2 (8)

w

Lee et al. (1996) examined finite element analy$t&A) results for over 300 synthetic
specimens and concluded that the shear bucklinffic@eat is a function of the flange-to-web
thickness ratiot{/t,), and is betweeks andkg.

Dr. S.C. Lee and Dr. C.H. Yoo published a seriepagiers (Lee and Yoo (1998), Lee and Yoo
(1999), Yoo and Lee (2006)) in which they explam @ternative theory for post-buckling
strength of stiffened rectangular plate girder@ecause the current study is concerned with
unstiffened panels, some of their results are maictly applicable. However, some of their
results are applicable, and some serve as the &biondof Lee et al. (2008) which is directly
applicable.) In Lee et al. (1998), they perfornggbmetric and material nonlinear FEA on
hypothetical plate girders to quantify bucklingspbuckling, and overall strength. From those
synthesized specimens, the researchers obsenvetieh@ost-buckling strength is approximately
40% of the difference between the elastic sheaklimgcstrength and the plastic shear strength.
They proposed the following equations, with slighimenclature changes to be more consistent
with AISC variable names, which predict strengtih@ttalmost exactly match the FEA
predictions.

Vo = Viop + Vpg = Ver + 0.4(V, = V) = 0.6V, + 0.4V, (9)

The plastic shear strengt¥, = 0.58t\h, is almost identical to the AISSpecification shear
yield strength. The 0.58 factor is the theoreticdle per the von Mises yield criterion, and the
calculations are done in terms of the web delpthHowever the difference betwe¥p and the
AISC Specification yield strength is quite small.
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Introducing the variabl€,, as in the AISCpecification, the proposed nominal strengthvis=
Vp(0.6C,+0.4). C, is a three-part function almost identical (sligbtind-off differences) to the
one given in the AISGpecification (2010).

C, =1 h/t, < 1.12 /k,,E/Fy (10)

C, = L10VIE/E (h/t.) 1.12 /kUE/Fy <h/t, <14 /kvE/Fy (11)
1.57k,E

C, = ( )/(h /tw)?E, h/t, > 1.4 /k,,E/Fy (12)

Lee et al. (1998) provided several important figgdin First, because the equations shown above
produced shear buckling and ultimate strengthsrtbatly exactly matched the FEA results, the
shear buckling coefficients proposed in Lee e{1#8196) are shown to be accurate.

Second, during a series of analyses intended &sadke influence of flange stiffness on post-
buckling strength, Lee et al. (1998) made the wetgresting discovery that web panels with no
flange possess nearly the same post-buckling streagypanels with very heavy flanges. This
led them to put forth a profound new theory to explthe post-buckling strength of stiffened
panels.

Lee and Yoo (1999) reported experimental findirtgs tvere generated to verify the equations
and theories proposed in Lee et al. (1998). Dutirggexperimental program, they tested ten
plate girders to failurea(h ranging from 1.0 to 3.0, so these were stiffenadeps), with eight of
them failing in shear.

One objective was to investigate the restrainthat web-to-flange connection and verify the
shear buckling coefficient proposed in Lee et B996). Because of large initial imperfections,
obvious bifurcation buckling was not observed,tswas not possible to identify the elastic shear
buckling strength and thus not possible to infer lloundary conditions from the buckling load.
However, the researchers inspected the final bdc#thepe for two specimens, finding that they
resembled the buckling mode shape of a fixed-figeldmn, thus implying that “the boundary

condition at the flange-web juncture is very closéxed.”

Lee and Yoo (1999) also showed that the sheargitreaquation presented in Lee et al. (1998)
was indeed very accurate, with an average measospredicted ultimate shear strength ratio
1.01 (COV=4%) for the specimens that failed by shmackling. They also concluded that
through-thickness (out-of-plane) bending of the \Wab a significant effect near failure. Finally,
probably the most important result toward the aurggroject’s objectives is the conclusion that
“an anchoring system, such as the flanges, is aetled for the development of postbuckling
strength.” This conclusion sheds light on the seuwnf postbuckling strength for unstiffened
panels.

Yoo and Lee (2006) studied and explained the soafcpostbuckling strength for stiffened
panels. They stated that the fundamental assumptithe classical failure theories is that the
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“‘compressive stresses that develop in the diregiempendicular to the tension diagonal do not
increase any further once elastic buckling hasrntglface.” Lee and Yoo (2006) did not state the
following, but this fundamental assumption runstcany to the fact that, upon plate buckling,
the portions of the plate far from supports beconwe flexible so do not accept further load,
but the portions of the plate near the supportinaatto accept additional stress. This is the
basis for the effective width concepts used to tgvéhe effective widths used in the AISC
Specification Section E7 and explained in Salmon, Johnson, aalthdg (2008). Lee and Yoo
(2006) performed material and geometric nonline&A Fof hypothetical specimens and
investigated changes in the tension and compresdiess fields. They discovered that the
compression stress field does, in fact, increase the supports, which for their stiffened panels,
are the flanges and stiffeners.

Lee et al. (2008) extended their previous workaimgl web panels such as those of interest for
the current study in their paper “Ultimate Sheaefgth of Long Web Panels.” They performed
nonlinear FEA on hypothetical plate girders watth ratios ranging from three to six. Their
Table 2 indicates that the shear buckling streegiiation (using the shear buckling coefficient
from Lee et al. (1996)) accurately and slightly senvatively predicted the shear buckling
prediction from the FEA.

The researchers also compared predictions fronultimeate shear strength equations from Lee
and Yoo (1998) to the FEA predictions, indicatihgttthe equations are accurate for lafy,
ratios, but are unconservative by 12-40%Hity, ratios between 210 and 300 #h = 6. Their
FEA results indicated that significant postbucklistyength existed in the hypothetical
specimens, although the researchers did not exghllaisource. It seems reasonable to assume
that the postbuckling strength is due to a singlampression field stress redistribution as that
described in Lee and Yoo (2006), although lesiefit as indicated by the fact that the Lee and
Yoo (1998) equations slightly over-predict the mbie strength compared to the strength
predicted by FEA.

Because the Lee and Yoo (1998) equation over-peatiihie ultimate strength for long panels,
Lee et al. (2008) developed an adjustment fadtotop bring the equations into agreement with
the FEA. When the equations from Lee and Yoo (1998 multiplied byA, the equations
provide slightly conservative results comparedi® EEA predictions, with the ratio of FEA-to-
equation result ranging from 1.00 to 1.04 &in=6. They also observed that real plate girders
have larger initial imperfection$/L20) than those used in the models, so they riszeththe
hypothetical specimens with larger initial impetfens, indicating that a further adjustment
factor is necessary. They were able to locatedimeetly applicable experimental test specimen,
and their equation almost exactly predicted thieifaiload, giving an indication of its accuracy.

The following is their strength prediction equatiowhich account for realistic initial
imperfections.

V, = RAV,(0.6C, + 0.4) (13)
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The high slenderness factaris given by the following:

A=1.0 C,>03 (14)
A= 1.35C, + 0.6 0.1<C, <03 (15)
A =5.62C, + 0.145 c,=0.1 (16)

The geometric imperfection factdr,is given by the following:

[FETk.E ,Ek
R=10-0.2 AT T h/t, < 1.10 F” (7)
y

1.10

[FTkiE — Ek Ek
R=0.8+0.2 h/tw B/l — 110 1.10 [— < h/t,, < 2.20 |— (18)
1.10 E, F,

2.

Ek,
R=1.0 h/t, > 2.20

Fy

So-called modified shear force methods such asthoggested by William & Harris (1957) and
Blodgett (1966) were also investigated in this aesle. Concisely, the principal flange stresses
due to bending are parallel to the angle of intiomg so the transverse component of each flange
force reduces the required web shear; the flangestapered member therefore provide shear
resistance. The modified shear approach is sumethds follows: (1) the required web shear is
not the entire shear at a section, but is the sht@ér at a section minus the transverse component
of each flange force, and (2) the required web rsiteeaompared to the web shear yielding or
buckling strength computed using the AISC 2@écification or some other source.

(19)

3. Experimental Program

3.1. Test Setup

A simply supported beam specimen with a midspantdoad exactly simulates the shear and
moment diagrams of a metal building moment framkeirna and approximates the shear and
moment diagrams in the portion of a metal buildiafjer or bridge girder between the knee and
the rafter splice. Therefore, the configuratioowh in Fig. 1 was chosen for all specimens. A
moment end plate splice was included at midspaallow the specimens to be more easily
handled and transported into the laboratory, tovgame web local crippling, and to provide a
bearing surface for the hydraulic ram. The monestt plate was flush at the bottom, extended
at the top, and had two interior rows of bolts i top to more uniformly distribute flexural
stresses into the flange and web.
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Figure 1. Specimen Elevation

3.2. Specimens

A summary of specimen dimensions is shown in TdbleEach web was flexurally slender at
midspan and hadi/t, large enough that elastic shear buckling was titeipated behavior.
Three specimens (“Tapered 4,” “Tapered 5,” and @rad 6”) had different flange sizes, two of
which had a larger compression flange. Taper angiéed between 5 deg. to 10 deg.

Table 1: Summary of Specimens

Bottom Flang Top Flang hit, alh
Length | Oeng | Owigspan | Taper tw by t by t .

Designatior)  (m) (mm) (mn:) Angle (mm) (mm) (mm) (mm) (mm) End | Midspan Average
Tapered 14 4.6 305 508 5.1 3 152 8 152 8 9] 155 5.y7
Tapered 1§ 4.6 305 508 5.1 3 152 8 152 8 9] 156 5.17
Tapered 1 4.6 305 508 5.1 3 152 8 153 8 9] 155 5.7
Tapered 24 4.6 254 635 9.5 4 203 13 203 13 5 154 5.86
Tapered 2 4.6 254 635 9.5 4 203 13 20 13 5 194 5.6
Tapered 2( 4.6 254 635 9.5 4 203 13 20 13 5 154 5.p6
Tapered 3 3.6 333 508 5.6 3 152 16 152 16 95 150 4.88
Tapered 4 3.6 313 559 7.9 3 203 16 207 10 9] 168 4.15
Tapered 5 4.0 410 581 5 4 203 13 20 19 10D 144 4.18
Tapered 6 3.6 546 362 6.5 3 203 13 209 10 154 100 3.p4

Combinations of taper angle, depths, web thicknasd, flange sizes were selected to increase
the likelihood of shear failure without having ualistically large flanges aa/h less than three,
which is the AISCSpecification demarcation between stiffened and unstiffened gan&ach
web-to-flange fillet weld was on one side only gder short segments of weld near the ends of
the members. Bearing stiffeners were includedhateinds of the members to prevent web local
yielding and web local crippling. The left half each specimen had the web thickness listed in
Table 1; the right half had a web thickness thad waize or two larger to ensure that it did not
fail, thus saving fabrication, transportation, amstrumentation expense.
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4. Comparisonsof M easurementsand Predictions
Table 2 shows the measured failure load (midspant paad) and failure description for each
tapered specimen. Fig. 2 and Fig. 3 shows tyfiétaire modes for the specimens that failed by

shear buckling.

Table 2: Summary of Experimental Results

e)

e)

e)

Specimen| Failure Load Failure Description
(kN)
la 256.2 Flange Local Buckling (Flexur|
1b 269.1 Flange Local Buckling (Flexur
1c 260.7 Flange Local Buckling (Flexur
2a 615.6 Web Shear Buckling
2b 600.5 Web Shear Buckling
2c 576.5 Web Shear Buckling
3 376.3 Web Shear Buckling
4 378.5 Web Shear Buckling
5 507.5 Web Shear Buckling
6 303.4 Web Shear Buckling

Figure 2: Tapered 2a Shear Buckling Failure
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Figure 3: Tapered 4 Shear Buckling Failure

The shear failure load (midspan point load) waglipted using the web strength prediction
methods in AISC (2010) and Lee et al. (2008) aredapplied web shear computed using the
following three methods: (i) web resists entire ahdii) web resists the modified shear per
Williams and Harris (1957), and (iii) the web resishe modified shear per Blodgett (1966).
Thus, the following six methods were investigatgdcbmparing their predictions to measured
failure loads. Table 3 shows the predicted stienffir each specimen using these methods.

» AISC Specification web shear strength; web resists entire shear.

» AISC Soecification web shear strength; Williams and Harris modifieday.
» AISC Secification web shear strength; Blodgett modified shear.

* Lee et al. web shear strength; web resists erttears

* Lee et al. web shear strength; Williams and Hanaslified shear.

* Lee et al. web shear strength; Blodgett modifieghsh
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4.1. Example Specimen

Fig. 4 and Fig. 5 show the measured load (kN) vdspan displacement (mm) for Tapered 3.
The shear buckling load is not identifiable becausfe sizeable initial out-of-flatness
imperfections.
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Table 3: Summary of Predicted Strengths

Predicted Failure Load (kN)
Specimen AIS_C Specification Le_e et al. (2008)
q q
V‘ﬁfsﬁeejrst“ W&H | Blodgett V‘ﬁf’sieeift“ W&H | Blodgett
la 134.8 189.9 206.0 387.0 418.6  423|0
1b 134.8 189.9 206.0 406.1 438.6 4435
1c 134.8 189.9 206.0 385.2 416.4  420)8
2a 237.5 448.8 503.5 4155 484.9 490|2
2b 237.5 448.8 503.5 423.0 493.3 498)6
2c 237.5 448.8 503.5 432.8 5049 510/)2
3 144.6 193.5 199.3 308.7 3394 3416
4 133.0 196.2 205.5 284.2 323.8 3269
5 211.3 267.8) 274.9 433.3 4697 472)8
6 156.1 140.6f 139.2 361.2 2709 265(1

The figures also show the AISC 208ecification and the Lee et al. (2008) predicted shear
failure loads. For this specimen, the AlS@ecification prediction was very conservative with

the following measured-to-predicted strength ratios if the web resists all shear, using the William
and Harris (1957) modified shear, and Blodgett (1966) modified shear, respectively: 2.61, 1.95,
and 1.89. The Lee et al. (2008) prediction was very accurate, with the following measured-to-
predicted strength ratios if the web resists all shear, using the Willilam and Harris (1957)
modified shear, and Blodgett (1966) modified shear, respectively: 1.22, 1.11, and 1.10.

4.2. Summary of Comparisons

For the tapered specimens which failed by web shear buckling, the average ratio of measured
ultimate strength to that predicted by the AlS@cification 2010 without use of a modified

shear method was 2.48 with a 11.2% coefficient of variation (COV), indicating that the method
is extremely conservative. When the AISC Specification web shear strength is used with the
William and Harris (1957) and Blodgett (1966) modified shear methods, the average measured-
to-predicted ratio was 1.71 (21.1% COV) and 1.62 (25.9% COV), respectively, indicating that
both of those methods are very conservative also. Tapered 1a, b, and c failed by flexural flange
local buckling, so it is not possible to compute the measured-to-predicted ratio. However, it is
noteworthy that these three specimens achieved loads that averaged 1.94, 1.38, and 1.28 the
predicted failure load using the AISC Specification with the web resisting all shear, the Williams
and Harris modified shear, and Blodgett modified shear, respectively.

For those specimens which failed by shear buckling the average ratio of measured ultimate
strength to that predicted by Lee et al. (2008) without use of a modified shear method was 1.32
with a 9.57% COQV, indicating the method to be conservative. When the Lee et al. (2008) web
shear strength is used with the Williams and Harris (1957) and Blodgett (1966) modified shear
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methods, the average measured-to-predicted rat® WE6 (6.77% COV) and 1.15 (6.59%
COV), indicating that both of those methods ardegaccurate and slightly conservative.

4.3. Summary and Conclusions

An experimental program was conducted to investigia¢ accuracy of shear strength prediction
methods for unstiffened tapered I-shaped membé&en plate girder specimens were loaded to
failure in the laboratory to obtain measured falloads. Failure load predictions were
generated using the AlS®&oecification and Lee et al. (2008) web shear strength equations
coupled with three methods for distributing the l@gapshear force to the web for a total of six
shear strength prediction methods. Measured aedigted failure loads were compared to
assess the accuracy of the prediction methods.

The AISCSpecification method under-predicted the failure loads by a widegin, with average
measured-to-predicted ratios of 2.48, 1.71, andl Ween the predictions considered the web to
resist all of the shear, the Williams and Harri85Z) modified shear, and the Blodgett (1966)
modified shear, respectively.

The Lee et al. (2008) method very accurately arghtty conservatively predicted the failure

loads, with average measured-to-predicted ratio$.82, 1.16, and 1.15 when the predictions
considered the web to resist all of the shearWhkams and Harris (1957) modified shear, and
the Blodgett (1966) modified shear, respectively.

The Lee et al. (2008) shear strength equations rarle accurately predicted the shear strength
than did the AISC 2018pecification equations for the ten tapered plate girder spetnested
in this research.
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