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FAILURE OF NOTCHED COLUMNS WITH FIXED ENDS
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Abstract—A theoretical basis is given for some of the recent experimental results [4] for the maximum load-carrying
capacity of sharply notched aluminum 7075-T6511 columns with fixed-ends. A failure criterion based on the
stress-intensity factor concept is developed for these concentrically loaded, notched columns. The criterion is used
to predict failure loads which are found to be in good agreement with experimental results for the case of fixed-end,
notched aluminum columns investigated in this study. This work is another example of how the fracture mechanics
concept may be applied to determining the response of notched columns under axial compression loading.

INTRODUCTION

STRUCTURAL engineers are constantly faced with the problem of determining the maximum
loads allowable for a particular structure. Design practices are revised often to embrace
modern research results. The recent program of Liebowitz et al. [1-3] includes a systematic
investigation of the effect of a particular type of flaw, namely a sharp notch, on the load
carrying capacity of structural columns. The experimental and analytical work in [1-3]
pertain to notched aluminum columns with pinned-ends. In this paper, a failure criterion
is formulated for notched columns with fixed-ends, and the theoretical results are compared
with the experimentally determined failure loads given in Ref. [4].

The experimental studies mentioned above [4] were compression tests carried out on
notched and unnotched aluminum columns with square cross-sections. The columns were
loaded nearly concentrically and the maximum carrying load reached was measured.
Various length columns with single notches on one side and double notches on opposite
sides of varying notch depths were studied. A detailed description of the experimental
apparatus and results was given in Ref. [4]. For later use, it is noted here that the test speci-
mens were made from 7075-T6511 aluminum bars. The pertinent material properties are
Young’s modulus of 107 psi, yield stress of 73,000 psi, ultimate stress of 83,000 psi, and a
stress—intensity factor (K factor) of 38,000 Ib-in "%,

FAILURE CRITERION

The objective of this section is to formulate a failure criterion for notched columns with
fixed-ends. The procedure followed is an extension of the criterion developed in Ref. [3]
which was based on the stress-intensity (K) factor concept. The K factor may be defined by

(..
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WheTe 0 1,5« 1s the maximum stress at the notch root and p is the notch radius. Using Neuber's
results for stress distributions in hyperbolic notches, a combined K factor accounting for

both bending and compressive stresses in a beam of rectangular cross-section was derived in
Ref. [3] and is

b\ 3

K = 2( ) [$(0 nom) bending + (0 ) cOmpression ] (1

7
where the nominal stresses are evaluated at the notch root. The K factor is valid for double,
symmetric hyperbolic notches with a throat width of 2b.

Since the nominal stresses are functions of the applied load P and K is a material
property, equation (1) is interpreted as a failure criterion giving the maximum carrying
load. Furthermore, the boundary conditions of the column are taken into account through
the selection of the nominal stresses. In Ref. [3] pinned-end columns were considered : in this
paper, fixed-end columns are investigated.

It is known that if a perfectly concentric load were applied to a perfectly straight
column, buckling, not bending, would occur. To take into account the observed bending, an
equivalent initial crookedness of the column

Volx) = & sin n\lf

is assumed. Using standard, classical techniques [5] the bending stress at the middle and at
the outer fiber of a fixed-end column of width 2b under an axial load Pis

Pob [ no
- o >
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where
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o = PI2An*ED | u

(L/z)(P/EI)%‘ P, = 4n*EIL?
o = 4P/P,

m(P/P,)*
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This stress is taken as the nominal bending stress in equation (1). The nominal compressive
stress is taken to be — P(2bh)~!. Here h is the thickness of the bar.

Substituting the nominal bending stress equation (2) and the nominal compressive stress
into equation (1) allows rewriting the K factor as

ol 2PR)E
K “A[l sin[n(P/Pc,)%]] Plrb)”"h

A = 2Pon~ *h~ b 31 —4(P/P,)] "

This relation is regarded as a failure criterion for the notched columns with fixed-ends. K is
an experimentally determined material property so that equation (3) can be solved numeric-
ally for the failure load P. Of course equation (3) is valid only for P < P,.

Several comments are in order regarding equation (3). First, the moment of inertia in
the bending stress equation (2) was taken to be the reduced cross-sectional moment 2hb3/3
since the nominal stress at the notch root was the nominal stress desired. Second, it was
found experimentally that the notch did not affect the buckling (P,,) load of the straightened
column. Hence P,, was calculated using the full cross-section.

(3)



Failure of notched columns with fixed ends 943

COMPARISON WITH EXPERIMENT

The failure criterion equation (3) was solved numerically for the failure load P for
columns of various lengths with notches of various depths. The calculated failure loads
were then compared with the experimental results reported in Ref. [4]. A summary of these
results is presented in Figs. 1-12. In Figs. 1-4 the maximum load is plotted against total
notch depth for columns 10-25, 16:25, 22-25 and 2825 inches long. Experimental points are
shown for both single and double notches for comparison. Although the single notch data
seem to agree well with the calculated values of the maximum load, remember that the
assumptions used in deriving the failure criterion restrict the validity of that criterion to thé
symmetric, double notch case. It is simply noted that the same criterion appears to be
successful in the asymmetric, single notch case also. Further research needs to be done to
clarify this point.

In Figs. 5-12 the maximum load is plotted against column length for various notch
depths. Calculations were done using notch depths from 0-020 in. to 0-230 in. It is seen from
these figures that agreement between calculated and measured maximum loads is accept-
ably good. An initial eccentricity of 01 in. gives good agreement with experimental results.
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FiG. 1. Maximum load carrying capacity vs. total notch depth for fixed-fixed column (L = 1025 n.).
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F1G. 6. Fixed-fixed column with the load applied at varying eccentric-
ities from the centerline of the column vs. length of column (notch

depth. ¢' = 0-0070 in.).
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F1G. 8. Fixed-fixed columns with the load applied at varying eccentric-
ities from the centerline of the column vs. length of column (notch

depth, ¢’ = 0-1251n.).
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column vs. length of column (notch depth, a’ = 0220 in.).

CONCLUSIONS

The failure criterion developed in this paper equation (3), based on the stress intensity
concept combined with Neuber’s notch stresses, adequately predicts the failure loads of the
notched, aluminum columns with fixed ends considered in this study. The criterion was
successfully applied to % in. by § in. columns from 10-25 to 28-25 in. long with notches from
0-055 to 0-180 in. deep.
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Afcrpakt—/[laeTCH TEOPETHYECKAS OCHOBA HEKOTOPBIX NMOCACHHUX IKCICPUMEHTANBHBIX pe3yithtaton [4],
Kacarowmxcss MaKCUMallbHOW Hecymel CnocOBHOCTH OCTPO HACCYEHHLIX KOJOHH, WIOTOBACHHDBIX M3
amomunps 7075-T6511, ¢ 3awemneHupMi KOHUaMy. PaccMaTpupaercs KpuTepnii PaipylueHus, 3THX
KOHUCHTPHYECKH HATPYXEHHBIX KOSOHH C HAAPE3IOM, OCHOBAHHLIN HA KOHUENIMM DAaKTOPA HHTEHCHBHOCTH
HanpsHKeHUA. ITOT KPUTEPHH MCNOJIB3YeTCS NI ONpele/ieHnsl HArPY30K PA3PYLIEHHS, XOPOLIO COTaacy-
BYIOIUMXCH C JKCHEPUMEHTANBHBIMM PE3YNbTATAMM [JIf Cy4as 3ALUEMJEHHBIX, ATKOMMHWEBBIX KOJIOHH
C HAJpPe3OM M C 3aiLeMJIEHHBIMH KOHLAMH, MCCIIENYEMBIX B Hactosied pabore. Ilpensaraemas paGorta
naeT ele O/IUH IPUMEP NPUMEHEHUS KOHLENUMH MEXaHUKH Pa3PYIUCHUS ISt ONPENETHUS PeAKLUN KOJFOHH
C Hagpe3oM, CXATHIX OCeBO HArPY3KO,



