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LIST OF SYMBOLS

area of a section

width of flange or horizontal dimension at point of interest

transformed width of flange

Young's Modulus (use 29 x 106 psi for steel)

second moment of inertia of a section with respect to its
centriodal axis

nth moment of a section with respect to its centroidal axis
a scalar factor

the distance from support to the center of opening
bending moment

normal force

normal force or concentrated load

the first moment of area with respect to the neutral axis
reaction force

distance from center of curvature to point of interest
maximum value of r

minimum value of r

distance from center of curvature to the centroild of the
section

thickness of web, or a time variable

strain energy density function

shearing force

subscripts refer to x, y or 8 direction (or section)
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n,m,v subscripts refer to the related forces N, M or V respectively
a, B,y constants used in the curved beam formula

o reduction factor used in Bleich's solution

e certain angle

P total strain energy of the section due to normal stress
T shearing stress

E distance variable used in integratiocn

E normal strain

E the calibrated value of the threshold strain |

E the corrected value of the threshold strain

v Poisson's ratio

(4] ’ normal stress

K a scalar factor

/uE strain in micro-inch/inch



I. INTRODUCTION

Beams with web openings are widely. used in construction of
buildings and the other structures. These openings, providing the
passage of utilities, weaken the strength of the beam and reinforce-
ment is required to prevent a stress concentration problem in the
corner.

In the past few years, several researchers have studied this
problem, using both analytical and experimental methods. Some theore-
tical solutions have been found to be a good approach to find the
stresses in the vicinity of the openings. The purpose of this study
was to determine the efficiency of inclined reinforcément and to compare
the results obtained by approximatce analysis to that by experimental
measurements.

For experimental purposes, a simply supported I-beam (16 W 50)
with two rectangular openings, each 6" x 9", was used as shown in
Figure 1, 2, 3. This beam was loaded at midspan with one concentrated
load. Strains at points of interest, including the critical points
which were determined by brittle coating analysis, were measured by
electrical resistance strain gages.

In the analytical solutions, interest is in the application of
the practical methods that are frequently used by engineers. Both
the well-known "Vierendeel Analysis'" and the "Least Work'' methods are
used to study the stress around the web openings.

The Vierendeel Analysis has been considered a reasonably accurate
method to solve the web opening problems. Assumptions made are similiar

to those made in the Vierendeel Girder Analysis. For the Least Work



method, the vicinity of a web opening is considered as a rectangular
ring with curved corner conmections. This ring structure was divided
into several segments, The center of the opening is selected as the
point of application of the redundants. The stresses at each section
consist of two parts, the stresses caused by the applied load and the
stresges caused by the statically indeterminate forces. The solution
is obtained by minimizing the total strain energy.

The primary objectives of this study were:

1. To construct a solution by Least Work method.

2, To compare the experimental results and the calculation based

on Vierendeel Analysis and curved beam formula.

3. To study the efficiency of the inclined reinforcement.

This study was limited to a 16 W 50 beam of A36 steel with two
6" x 9" rectangular web openings centered on the neutral axis of the
beam. Tﬁe beam was subjected to combined bending and shear with a
fixed value of the moment-shear ratio obtained by placing a given
concentrated load at the center of the span. Two loading cases were
used during the tests as shown in Fig. 4. One of the openings was rein-
forced with inclined bars located at the four corners and the other re-
mained unreinforced. The reinforcing bars were weldeé on cne side of

the web only.
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II. LITERATURE SURVEY

In the past few years, many papers concerning the problem of
stress concentration due to web opening of a beam have been published.
Engineers and researchers made a concentrated effort to develop analy-
tical and experimental information on steel beams with web openings.
Some practical methods of splution have been developed.

In the 1920's Muskelishvili (1) developed a method to solve the
stress distribution problem in a plane or thin plate which is weakened
by a hole. 1Im 1958, Heller, Brock and Bart (2) presented a solution by
using complex variables associated with Muskelishvilifs method for the
stress analysis of a uniformly loaded plate with a rectangular opening.
Four years later they published a paper using the same technique to
investigate the stress around a rectangular opening with rounded corners
in a beam subjected to bending and shear (3). They found that the maximum
value of the boundary stress is a funétion of both aspect ratio (height
to width) and corner radius.

Bower (4, 5), in 1966, presented two papers using theory of ela-
sticity and complex variable techniques to solve the stress distribution
problem of an I-beam with a web opening. He reached the conclusions:
that (a) the stress distribution mnear the hole in uniformly loaded beams
is quite different from that in the beam without the hole, (b) both the
size of the hole and the moment-shear ratio at the hole have a great in-
fluence on the applicability of the analysis, (¢} the solution is valid
for predicting stress mear the opening providing the dePth of opening
does not exceed half the web depth. He also used the "Vierendeel Analy-

sis" method to calculate the stresses in the vicinity of the hole and



found that this method had good accuracy for predicting the stresses

around the hole, except for the stress concentratioms mear the corners.
From his experimental studies it was found also that both the theory of
elasticity and the Vierendeel method show reasonable accuracy. The
Vierendeel method is simpler, as compared with the theory of elasticity.

Recently, a finite element method has been used to solve this
problem. It is an accurate but more expensive method compared to
other more time comsuming methods.

Researchers at McGill University, Redwood and McCutcheon (11),
have completed a series of theoretical and experimental studies of web
openings in beams. They concluded that (a) stress concentrations always
occur at the corners under all loading conditions,‘(b) experimental
studies verify that the Vierendeel Method is satisfactory and can be
used -to predict the stress around the rectangular opening at ultimate
load, (é) deflections for ome or two circular openings are 10 perceunt
greater than that estimated by ignoring the presence of the opening.

At Kansas State University, Arora (6) and Chen (7) comnpleted the
experimental stress analysis of an I-beam with a web cutout. Both
electrical resistance strain gages and photoelastic techniques were
used to determine the stress around the opening. They found that (a)
both metheds are effective, (b) experimental studies agree with the
Vierendeel Method, (c¢) the normal bending stress distribution is non-
linear in a region extending from the edge of the opening about equal
to the depth of the‘beam from the opening, and straight beam theory
can not be used to predict normal stresses in this region, (d) greater

shearing stresses occur than are predicted by straight beam theory, (e)



"Shear-Difference"™ method is considered an excellent method for com-
puting the stresses at the interior points of a structure in photo-

elastic analysis.

In recent years, there were several researchers at Kansas State
University who completed a series of theoretical and experimental
analysés. Some reports and theses were completed and papers published
(8, 9, 10). Among these studies, Vierendeel Analysis, elastic analysis
and ultimate strength analysis were used to analyze the stresses around
web openings with and without reinforcement. Valuable resul£5'were

obtained and directions for further studies were indicated.



III. METHODS OF ANALYSIS
It is assumed that the material is homogeneous, isotropic and elastic.
. Based on this the following methods were developed.
A. Least Work Method
(a) Ring Structure
From the results of experimental and theoretical analysis, it is
known that the stress distribution curve does not lie close to that given
by straight beam theory (16,17). For a better assumption, the vicinity
of the opening is considered as a rectangular ring with the four corner

connecting blocks taken to be curved beams (14,9), as explained in Fig.

5.
B A H
c G
D E

curved ‘beam: B,D,F,H
straight beam: A,C,E,G
Fig. 5 A Partition of Ring Structure
This ring structure is divided into 56 sections, as shown in
Fig. 6, for convenience in numerical calculation. The center of the
opening is selected as the point of appiication of the redundants
that can be found by minimizing the strain energy of the ring structure.
(b) Corner Connecting Blocks
(1) Effective Width !
Typical cross section around the corner of the web opening

is shown in Fig. 7.
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Fig. 7 Cross Section of Curved Beam

1f the points of interests are close te the edge of the circular
fillet, the principal stress is almost perpendicular to the radius.
For those points close to the flange and inside the flange the actual
principal stress is in the horizontal direction,which is not in the
normal direction of the plane of interest, thus the thickness of the
web and the width of the flange should be reduced. From the stresses trans-
formation formula,

2
0y = 0, cos G (L)

This leads to an effective width b' as shown in Fig. 7 is given by

b" = b cos?9 . (2)

The effective thickness of the web t'(r) at disfance r as shown

in Fig. 7 is also given by
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t'(r) =t cos2 8. ; (3)
where 0(x) is assumed to be 3
r - ri
8(r) = |~———— 3, (4)
r - ri
max

empirically (see the crack patterns shown in Fig. 12 ).
(2) Normal Stress

Using Curved Beam Theory (15) to get an approximate formula, let
the normal stress at y, the distance from the centroid of the section

to the point of consideration, be expressed by

P M 2

a(y) =—A-+-f—+a(1 +eYt Yy ) (3)

where constants &, Bandy, which satisfy the following eqns.(6), (7)
and (16) give the best normal stress distribution of the assumed. form.
Statical equilibrium condition yields

J,(1+8y+ yyz) da = o, (6)
and

2
{A( l+By+vyy)yda=0, (7)

Note that [ydA=0, since the origin is the centroid of the cross section.

Egns. (6) and (7) are reduced to

fda + [fy2da=o, ' (8)
and

Bry2dA + v y2da=0. (9
Solving eqns. (8) and (9) simultaneously, leads to

Alg

w— (10)
(1,)2
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and . <k .

In which
A=, da, (12)
Inp = fa yhda, (13)

and n is an iInteger,
The total strain energy of the section due to normal stress is found
to be

P = 27y PTG, (14)
Substituting eqn. (5) into eqn. (14), yields

T =5 +%¥ + 0 (1+8Y+yy2) r (y)da (5

The minimumvalue of T r@&quires
ol

2= 0. (16)

From eqn. (15}, the above equation becomes

’ M. ‘
%I {% +-Il + o (1+BY4+yY2) } (1 +B8Y+YY2)r (y)dA = 0. (17)
For convenience, let

o = Moy, + Pog. (18)

Considering the case of pure bending, i.e.,P=0 and 0. = M , eqn. (17)

is reduced to
M
.%f_;_‘.‘f.(1+sy+w2)r(y)dA +-E—m-f(l+BY+YY2)2r(y)dA = 0. (19)

Solving eqn. (19) for Oy, one obtains



-ﬂI’— Q4BY4YY2)r (y)dA

= . 20
® = T A () e
Similarly, considering M=0 and d = Bup, yields
-+ (148Y+Y?) (y)dA
= 5 21
% = (e (y)da - 2L
Eqns. (20) and (21) are simplified to the following forms
. )
Om DIs » . (22)
ay =
and P oA * (23)
by defining
CTp = T (1458) + I3(Ey+8) + I,y , (24)
Cp = Inp(B+ry) + I3 + TA (25)
and
D = Ioy2 + (28+FY)yI,+HBH2y (14E8)} 14 +
{(B242y) + 2B}1, + FA. (26)

(3) Shearing Stress
The approximate shearing stress can be obtained by requiring
equilibrium of the freebody above section A-A shown in Fig. 8a.

By considering Fig. 8b, it can seen that

Tfr) = ;Ez%jag[fio(Vde)f§%2-+ O (148 (E-1)2

+Y (E-E)2Ib(E)dE-S [oT(EID(E)ABAE],  (27)

For an approximate solution, ignore the term f;OT(E)b(E)dBdE .

assume ( see reference 19 )

13
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T ()= 1o (5o o (148 (5-2)+r (6-1)2 1o (B)dE .

(28)
The coefficient k in eqn. (28) can be calculated by using the condition
f:oT(r) b(r) dr = V. (29)
The function of strain energy density per unit length along the arc of the
axis of the structure due to shearing stress (see Fig.6 ) for a section
at 0 is given by
U=— f t%r) rb(r) dr, (30)

2G
Note that in eqns. (28) to (30), b(r), Qp > g and Y are functions of 8,

% W gtag) e
T

4
T(r)b(r)Edg

@
B| ¥

bEy

= rt ¥

(a) (b)

Fig. 8 Freebody Diagram of a Curved Beam

(e¢) Strain Energy

(1) Corner Connecting Blocks



The strain energy of each section in the corner connecting

blocks can be computed by

v - .1 2 1 .2
s f'z? o7 (y) r(y)dA"‘sz Te (y) r(y)da (31)

By using eqns. (5) and (28), eqn. (31) can be written in the

form
du M2 N2 MN V2
9 2 Um 2 Un T —p Um +om v (32)

The computation of Up, Un, Umn, and Uy can be calculated

using a numerical method and the electronic computing machine.

(2) Straight Beam Part
The strain energy for straight beam part was calculated by

the well-known formula

2 2 K
M N ¥ \'4

= +
U=sCggr * 7ax " Zea ) % (33)
" where ¥ is a shape factor given by
A 2
k=27, 2 gy, (34)

and

QW) =f§mx b(E)E dE. (35)

15
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B. Vierendeel Method

This method provided a simple way to solve the web opening problem
and to give a reasonable result. It assumes that the upper and lower
T-beams of the opening have their points of inflection at the center

line of the opening. This leads to the results as shown in Fig. 9a,

& . b c d
A
"C D Ne (::f §:_
- l._?L N v
7 vy
'3 L
i 5 (b)
P/2 ¢ of opening
(a)

Fig. 9 Freebody Diagram for Vierendeel Analysis

The thrust force N reads

PL
N ="7p (36)

with D the distance between the centroid of the upper and lower T-
sections.
If the opening is symmetric,

Ve = Vp = P/4, (37)
Otherwise, it should be calculated according to the stiffness of the
T-beams. From Fig. 9b, the reaction forces Ne, Ve and M¢ can be ob-
tained by using statical equilibrium conditions. For those sectionms
which lie in the straight beam portions of the opening, the stress at

any points y can be calculated by the conventional method
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N M
oly) = 55— + —<L (38)
and
v ‘
Ty = - (39)

The stress distribution of the sections at the corners could be calculated

by using eqns. (5) or Winkler's Curved Beam Theory (18) for a better
approximation. The calculation of the normal stress at the critical
sections of the tested beam is given in Appendix I. The results were

used to compare with the experimental measurements as shown in Table 6.
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IV, EXPERIMENTAL STUDIES

A. Brittle-Coating Method
a. Introduction
The Brittle-Coating Method is based on the perfect adhesion
of a coating with brittle characteristics and predictable threshold
strain. It gives whole field data for determining the directions and
approximate magnitudes of the principal stresses. It is also very
useful in finding the locations of the maximum stresses. Since it can
be applied to the actual component, it is a direct and simple method
for experimental stress analysis.
b. Procedures for Stress-Coating Method (12, 13)
(1) Surface Preparation
Grinders, sand paper and steel wool were used to make the
surface smooth and flat. Dirt and grease were removed from the
surface by using solvents which leave no residue.
(2) Spraying the undercoating
Aluminum reflecting undercoating was used according to manu-
facture's bulletin. After 10 to 20 minutes for drying, brittle
lacquer was sprayed. |
(3) Spraying the Coating
Coatings were sprayed on the beam with 3 to 4 passes each
time. After each spraying, the technician waited about 5 minutes
and then sprayed again until the color matches the desired thick-
ness. Table 1 and Fig.10 show the relationship between threshold
strain, coating thickness and number of spraying passes. It was

found that the threshold strain is not sensitive to coating thick-



Table 1 Brittle-Coating Calibration Bar Test Records

ﬂb; Test No. 1 Test No., 2
of
Passes®  Thiclmess Threshold Thickness  Threshold
. (ing) Strainie) ~{in.) Strain(e )
12 .007 930 .010 670
14 .010 1100 .009 880
16 .012 840 .011 530
18 .013 540 .016 670
20 .015 670 .015 670
22 .016 760 .013 840
Average .012 780 .012 720
Items Spray Test
Date 7/3/75 7/4/75
Remarks Time 9:30PM 9:30PM
Temp . 79 F 79 F

R.H, 69% 68%
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ness during these tests,
{4) Testing

The dust was removed just before testing by gently and lightly
dusting off the surface with a soft hair brush. The calibration
bar was kept close to the test part during drying and testing. It
experienced the identical time, temperature and relative humidity
history that the test part experienced.

(5) Crack Detection

The crack can be better observed by using a direct light source
@t oblique incidence to the surface and normal to the crack line,.
Some other methods were also used to help in detecting the crack
pattern: i) using electrified particle inspection, ii) using the
Ted dye etchant, iii) using the protective cream associated with
the red dye etchant and electrified particle., The first two methods
were developed by Magnaflux Corporation and widely used by engineers
@nd the third method was tried by the author and it was found to
be helpful for detecting the crack.

Procedure used by the protective cream associated with the red
dye etchant and the electrified particle: i) After the cracks de-
wveloped, protective cream was slightly filled into the cracks and
ghen a tissue was used to erase the extra cream. ii) The red dye
etchant was brushed uniformlylon the whole surface of the coating
and then a tissue was used to erase the surface. iii) The loads
were released to make the crack smaller and then the electrified
particles were sprayed (by air pressure up to 15 Psi) as soon as

possible. Picture of this white crack pattern with red background
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were taken using KODAK Panatomic - X (Fx 135-20) black and white

film,

For each loading level, the crack line tips were found using

a flash light and a countour line was drawn by a steel scriber.

UE
4
600 .
500} e,
400 |- " .
300 |
200 |-

Threshold Strain

100

.002 .004 .006 .008 .010 ,012 .014 in.
Coating Thickmess

Fig. 10 Threshold Strain Verses Coating Thickness
c. Beam Testing
TENS-LAC BRITTLE LACQUER TL-500-80 was chosen according to the
estimated laboratory condition and selection chart shown in Bulletin
TL-201 of Photolastic Inc.

For loading cases, only case I*was used during the test. Fig. 11
shows the load-time history of the tests. At each loading level, the
coating threshold strain was calibrated by a calibration bar test,
The threshold strain was found by averaging the adjusted values,
according to reference temperature and humidity, of each calculation
bar threshold strain. Table B shows the calibrated threshold strain
and the corresponding relative humidities at each loading level.

* gee Fig. 4
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The threshold strain due to the difference of loading time of the
calibration bar tests and the beam tests was corrected by using an
approximate empirical equation (12).

et (1 + .05 (logjgr)’le} , for 1 to 1,000 Sec. (40)
In which

E:*is the corrected value of the threshold strain

E:_is the calibrated value of the threshold strain

t- 1is the time necessary to apply the load to the specimen

It was found that this correction is relatively small compared to
that due to temperature and relative humidity.

Countour lines of the tiés of the cracks at each loading level
were drawn and their locations in the critical radial section were
also measured.

The photographs of crack patterns of two corners are shown in Fig.
12 and the traced countour lines are shown in Figs. 13 and 14. The
measured data were used in the computation of stress distributions
in the critical sections, at a loading level of 25 Kips, as shown
in Appendix II. The results were used to compare with those obtained

from theory and the electrical resistance strain gage method.

kiﬁi;_ (9) No. in parenthesis refers to

(11 the duration of load (in hrs.)

45}

35| (10)

25

15p AL

Loading
~
=t
N>

.

12 22 34 45 S8 70  hours ( after spraying )

Fig., 11 ZLoading Vs. Time in Brittle— Coating Beam Test



a. Unreinforced Opening

b. Reinforced Opening

Fig. 12 Photographs of Stress-Coating Crack Pattern

and Contour Lines

a3
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B. Electrical Resistance Strain Gage Method

This method is based on the linear relationship between change in
electrical resistance of the gage and the strain in the direction of
the gage when the strain is small. The brittle-coating tests, as des-
cribed in the previous section, show that the most critical points
around the opening lie near the corners and were located about 33°
from vertical for unreinforced cornmer A and 30° for reinforced corner
D as shown in Figs. 13 and 14,

Twenty Budd Cl2-1x1-M75C (active gage length of 1/8 in.) one dimen-
sional strain gages, two Budd C6-124D-R3Y delta rosettes and two Cb6-
121-R3C delta rosettes (l/4 in. active gage length of each element)
were used to investigate the normal stress along sections A, B, C and
D as indicated in Fig. 15.

The strain gage readings were recorded for five different loading
levels: 5 kips, 10 kips, 15 kips, 20 kips and 25 kips. Each loading
level has two values corresponding to applied loads and released loads.
The measured data were linearly corrected to avoid the accumulation of
temperature strain in each gage and were fitted by the least square
method. Typical loading Vs. strain relationships of a number of sample
strain gages are shown in Fig. 16. The corrected data are shown in
Tables 3 and 4. 1It can be seen that all the strain gages yield an
almost linear relationship between loading and strain.

The stresses at the extreme points of the section are uniaxial and

can be expressed by

O=E € (41)

]

where o Normal Stress

E = Young's Modulus (29 x 106 psi was used)
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¢ =Strain Gage Readings
The stresses at the interior points of the section are biaxial and

can be expressed by

E
1- 2

Ex = (€x+\)€y) s (42)

and - _E (43)
By * o Uz(ve x+Ey) .

In the above x, y are the directions of interest, and

(>}
]

Stress in x or y direction,

m
i

Strain in x or y direction,

1
il

Young's Modulus,

v = Poisson's ratio.
In the interior, only the points with a rosette can provide informa-
tion enough to determine the magnitude and direction of principal strains.

For rosette analysis, the transformation formula of strains is

+ —
g = x-Sty + %x 2% Cos 20 — -Y-zél Sin 20, (44)

In which, x and y are preselected reference axes,
and € g = normal strain in 8 direction of the gage a, b or c,

E:x y = normal strains in x or y direction(tensile strains are
3

positive),

@
]

angle between the x axis and the direction of the gage of
interest ,
ny = shearing (It is positive if the 90° angle will be reduced by
Yxy) strain with respect to xy axis.
Substituting the strains ga’ Eb’ €. and the corresponding angle 8 of
each strain gage of a rosette into eqn. (44), the values of ©y Ey and

ny at each point can be determined. The calculated results were used
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for determining the principal stresses and their corresponding dircctions,

A computer program for this purpose was developed and its results are

shown in Table 4.
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Table 2 Corrected Strain Gage Readings for Loading Case 1

5 10K 15K 20K 25K 20K 15K 10K 5K  25K*

No.
1 =246 -504 -756 -1018 -1282 -1018 -760 -504 -254 -1281
2 =133 -247 -355 =476 =591 -479 -357 -248 -130 -586
3 -70 -119 -l1l66 -223 -257 =210 =165 ~-119 -73 =253
4 -30 -53 -71 -101 -113 -102 -72 -53 =28 -115
5 =101 -222 -342 -457 -595 =459 =342 -223 -101 =595
6 -50 -87 -171 -223 -299 -227 -148 -84 =50 -299
7 =214 -442 -662 -B85 -1124 -896 -671 -445 =222 -1123
8§ =122 -211 -309 -423 =522 -422 -301 -211 -121 =515
9 -51 -81 -107 -149 -180 -152 -109 -82 =53 =175

10 41 95 146 186 243 189 148 103 43 242
11 -205 -413 -651 -817 -1026 -820 -612 -418 -209 -1024
12 24 52 77 87 115 90 81 58 30 112
13 -22 -48 -76 -100 -130 -101 -78 -48 -22 -131
14 -21 -41 -64 -90 -116 -91 -66 -42 -21 -116
15 -84 -192 -288 -383 -498 -384 -291 ~193 -85 =498
16 -84 -172 -255 =352 -438 =353 -256 -173 -85 ~440
17 -189 -375 -556 =-738 =930 -742 -558 -374 -189 -926
18 20 36 55 63 98 62 52 34 16 )
19 -8 -20 -34 -46 -62 -48 -36 -23 ~-11 -63
20 41 93 141 178 232 179 140 97 40 231
21 -34 =-65 -96 -130 -161 -137 =100 -66 =38 -161
22 -15 -31 -57 -64 -89 -76 -60 -38 -23 -89
23 -38 -89 -127 -184 -231 -184 -132 -79 =30 -236
24 -8 -8 -10 -8 -13 -19 =15 -15 -8 -12
25 -12 -35 -73 -102 -128 -%91 -61 =41 -14 -131
26 -26 -52 -78 -95 -128 -104 ~78 =56 40 -123
27 -45 -97 -138 -186 =235 -189 -~-141 -96 -46 =235
28 -38 -66 -95 -138 =171 -143 =95 =65 =37 -170
29 4 ~20 =40 =57 =71 -61 -44 18 -4 -79
30 -29 =56 -79 -99 -127 -107 -71 =53 -33 -124
31 -27 -56 -78. -102 -127 -105 -78 -53 =29 -127
32 0 -7 -1 =15 =22 =14 =-14 -10 -4 =22

Note: (1) Values in the last column show the experimental results.

(2) Units are in micro-inch/inch.



Table 3
No. 5K
1 243
2 111
3 48
4 3
5 115
6 77
7 204
8 93
9 26
10 44
11 179
12 -9
13 19
14 22
15 78
16 70
17 164
18 -2
19 14
20 -40
21 25
22 19
23 60
24 1
25 4
26 24
27 50
28 28
29 29
30 19
31 25
32 6

Corrected Strain

10K
506
222
96
46
237
146
428
194
52
-98
386
=34
44
43
176
155
337
=21
19
=95
60
23
99
-1
53
51
96
61
44
47
55
19

15K
754
330
144
62
355
202
644
289
78
~144
587
-57
74
59
271
240
515
-38
32
-145
86
43
150
-1
80
76
140
100
63
71
79
24

20K
1018
446
195
85
464
270
873
411
110
199
778
-74
92
78
359
316
688
-52
38
-196
120
68
197
-4
108
104
193
133
79
98
107
22

Gage Readings for Loading Case 2

25K
1260
557
225
101
587
330
1092
499
138
-249
986
=97
120
101
455
397
865
~71
50
~240
141
85
247
iy
138
132
228
166
91
110
141
25

20K
1019
451
197
87
469
263
872
407
111
200
794
-78
93
79
365
318
711
-54
38
-196
118
71
200
-3
110
109
189
136
81
93
103
21

15K
768
331
144
63
361
196
657
294
77
=144
597
-58
74
62
279
247
525
=40
33
~147
92
55
151
=l
89
75
134
94
46
64
81
21

10K
515
222
95
44
240
135
434
186
51
-496
395
=33
46
43
182
160
342
=22
18
-98
60
21
100
-2
55
59
101
65
43
45
50
17

5K
259
113

"~ 50

20
123
76
209
90
21
=41
190
=12
19
22
83
79
169
~7
13
-43
31
18
60
-2
37
18
44
36
34
15
22
4

25K*
1264
558
231
107
585
325
1096
507
139
-251
990
-101
121
99
459
400
872
-74
48
=245

144 .

87
243
-3
132
134
230
167
88
116
139
26

Note: (1) Values in the last column show the experimental results.

(2) Units are in micro-inch/inch.

31



Table 4 Results

of Rosette Analysis

32

L ete, VE +e ?
0 € € Yx ) SR S £ Ble.ve ;.)
% X y Yy Y2 emax im € b
D + o BL (degree)
C A-A =235,57 -88.,33 83.B0 -161.95 84,71 <77.25 -246,66 -~14.82
A
S B-B -131.36 =-46.17 -129.,08 -88.76 77.33 «11.43 -166,09 28,29
E
C-C =~124,50 =57.45 121.41 =90.98 69,35 =21.63 =~160,32 =30.55
1
D-D =-79.29 =243,67 74.07 =-161.48 90.15 -71.33 -251.62 12,12%
v
C A-A 242,64 72.88 =65.90 157.76 91.05 248.81 66,71 ~10.61%*
A
S B-B 132,29 42,86 158,52 87.57 91,00 178,58 ~3,43 30.28%
E
11 C~-C 115.64 71.31 -131,22 93,48 69,26 162,73 24,22 -35,67%*
D-D 87.71 235,95 -72,22 161.83 82,58 244,41 79.25 13,08
Note: 1. Sign of angle is positive if clockwise.
2, Values of 6 with a "#" refer to (5,% _).
3. Unit of strain in miero-in/in.
Table 5 A Comparison List of Critical Normal Stresses
Method LOADING LOADING
of CASE I CASE 11I
Analysis
A~A B-B Cc-C D-D A=A B-B Cc-C D-D
Theoretical =41,00 —— o-=- =16,52 — 40,73  31.97 ——
Strain Gage -37.,20 =32,57 -26,52 =-29,70 36,70 31.78 25,29 28,71
Stress Coating -31.00 = =24,00 - —— —— A—

{unit in ksi)
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V. COMPARISON AND DISCUSSION OF RESULTS

The interest of this study is in the most critical sections and

the most critical points near the cornmers. Fig. 17 shows the normal
stress distribution along section D-D and A-A obtained by brittle-
coating method.

VFigs. 18 and 19 show the results obtained by electrical strain
gage measurements. From these data, the principal stress distributions
calculated are quite similiar to those obtained from the brittle-coating
method only with a slightly higher value.

Results from the strain gage method are more reliable than those
obtained from the brittle-coating method. The small errors produced by
temperature can be eliminated by using a temperature compensating strain
gage, while the coatings exihibit high sensitivity to temperature. For
bette; accuracy with the brittle-coating method, it is recommended that
the tests be performed in a well-controlled laboratory in orxder to get
a constant temperature.and humidity. In addition, more calibration bars
should be used.

Theoretical results and experimental results are compared as shown
in Table 5. It can be seen that the stresses at unreinforced cormers

are about 207 greater than those at reinforced corners.
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Fig. 18 Normal Stress Curves for Unreinforced Opening by Electrical

Strain Gage Method
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Fig. 19 Normal Stress Curves for Reinforced Opening

by Electrical Resistance Strain Gage Method

36

M +AM



37

V1. CONCLUSIONS

From these experimental studies and approximate analyses the

following conclusions can be reached:

1) The brittle-coating method provides whole field information of
the principal directions and approximate magnitudes of principal
stresses, Obviously,the direction in which reinforcing bars should
be placed can be found from this method.

2) Results obtained from electrical strain gages give good accuracy
and can be used for evaluating the approximate numerical methods,

3) Eccentricity due to one-sided reinforced opening causes a reduction
in efficiency of reinforcement which could be improved by reinforce-
ment on both sides of the web.

4) Numerical methods require a computer program. This is not expensive
but it is complicated compared to other methods.

5) If the reinforcement is not too close to the corner and can provide
enough space for welding, the stress concentration at the corner can
be reduced.

6) It is recommended that the best way of locating the reinforcment should
be found by using the idea of structural optimization to write a com-
puter program with enough iterations to obtain the best angle for

placement of the reinforcement.
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APPENDIX I

Computation of Normal Stress Distributions by Winkler's Curved Beam
Theory
Based on Winkler's Theory; the normal stresses at the corners of
the opening were calculated as following:
(i) Unreinforced Opening
a) For section A-A under loading Case I, the freebody diagram is

shown in Fig. A,

0.172"
[ R/2
. 2.112R
- T- "
3.839" | B W10

=X

Fig. A Freebody Diagram for Loading Case I.

M,.N are the moment and normal force, they were calculated by

statical equilibrium conditions.

il

M=-2,.862 R

]

and N -1.558 R .

Where R is the reaction force at the supports of the beam,

The effective width of flange can be calculated according to
Bleich's analysis as adopted by Seely and Smith (20).
b' =0b (1)
where b' =7reduced or effective projecting width of flange (on

each side)
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projecting width of the actual flange (on each side)

b

o = a reduction factor in Bleich's solution

b2/rt was found equal to 2,91, from Table 6, PP, 162, (20), O

can be obtained to be 0,421, Thus, b' was calculated as follows:

b' = 0.421 x (1022038 -4 409 .

A= 3.781 in2

.7T5" | 7.073" l _J_‘ 2.382"

=

/1 T

_11 T | _71@{: ] P
]
( S e
0 . )
6'484" 5-781" ] . -38 " 5-281 N N 6.15 i
|| KN |
o .38" /2"
T
(a) Actual Section (b) Reduced Section

Fig. B Dimensions of Section A-A

Reducfion of the flange width due to its direction not normal -
to section A-A is given by
b" = 1.409 x (Cos ©)2 = 1,001" .
Total width of flange was found to be 2,382". This leads to the
reduced dimensions as shown in Fig. Bb.
Using Winkler's curved beam theory, the parameter m can be expressed
as following:
m = J(by Inpk + by 1n32) - 1 (2)
where A is the total area of the section.

;1 bj, b2, ry, r; and rp for section A-A were shown in Fig. C.
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-1.86 ksi
N ] -5.15 kSi
r
=41.0 ksi
(Case I)
Fig. C Typical Section Fig. D Normal Stress Curve

for Section A-A

- 4.554('38 12 /8L 5.781 + 2.382 1n 6. 484) -1 = 4441
3.781 a5 5.781

The distance between the neutral axis and the centroidal axis was

calculated.
_ = _m LA4L] "
= . e =X ‘—m— —lm—— 1.4005
From ‘N M ;
e y- e
o(y) = A i3 A e(c-y) °? (3)

Substituting N, M, A, e and T into eqns. (3), g(y) can be calculated

by
o(y) = (-0.412 - 0.541 x J({-—S%;%) R (&)

The normal stress calculated from eqns. (4) was shown in Fig. D.

b) For section B-B under loading Case 1II, the freebody diagram was

shown Fig. E.

2.112R :;_ é’\w 3.588 R
“allel” N= 1.511 R

6.45" N

Fig., E Freebody Diagram for Section B-B
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Note that the section property constants of section B-B are the

same as those of section A-A. Therefore

y - 1,4
o(y) = (-0.340 + 0.678 x i({—m)l YR (5)

Using eqns. (5), the normal stress curve can be calculated, as

shown in Fig. F.

-8.60 ksi
~4.25 ksi

40.73 ksi i

Fig. F Normal Stress Curve for Section B-B
(Loading Case 1I)

(ii) For Reinforced Opening

a) For section D-D under Loading Case I, the freebody diagram was

shown in Fig. G,with M, N and T as indicated.

&/
RE ey 2.112 R
3,738" = T TE.BM"
T T
M= -1.493 R 6,493 q
N= 2,034 R

Fig. G. A Freebody Diagram for Section D-D
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‘ 2.378"
.755" I_## 7.073" Ti —L |.______m-—v‘

‘ | | — .?S?j' |

——

. . o]

6.484" G o 781"
; "
. — T 6.38" - ,38

Illf"

— 1 4 il
;ll 1 3

= T a2

a. Actual Section b. Reduced Section

Fig. H Dimensions of Section D-D

With the same caleulation as for section A-A, the values of the
parameters for finding effective width of flange and reinforcing

bars were computed and listed in Table A.

Table A. Computation of Effective Width and Section Properties

) ab cos?8 2b'+
b T t b</rt ot ab =p! £
W

Flange 3.347 6.380 0.628 2,796 0.431 1.443 0.999 2.378

Reinforce- 1 5  ¢.75 0.5 6.0  0.301 0.452 0.452 0.832
ments

2

A=4.1 in| F =4.493", m=0.688, e =1.831"

The equation for calculating normal stress for section A-A can

be expressed as follows:

) = (-0.496 - 0,191 L= L83y p g

o(y (4.493 - y)

The normal stress curve calculated by eqn. (6) with R=12.5% was

shown in Fig. K
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-4.79 ksi

~6.20 ksi

' =16.52 ksi

Fig. K Normal Stress Curve for Section D-D
(Loading Case I)

b) For section C¢-C under Loading Case II, the freebody diagram was

shown in Fig. L, with M, N and r indicated.

n
R/2 .863 c

7

5 116 R i ' M= 5,069 R
_ o5 4,601"
N= 1.480 R

=~

T
o
~
\D
X

. LS

(Case I1I)

Fig. L. TFreebody Diagram for Section ¢-C

Using the property constants listed in Table A, and M, N and T

showvn in Fig. L, the normal stress fuction was obtained

y - 1.831
Ky) = (-.361 + 675 . R 7
- 4,493 - y ) @
Results calculated from eqn. (7) was shown in Fig. Q
-7.10 ksi
{(Case II) et
-4.51 ksi
31.97 ksi ___\

Fig. Q@ Normal Stress Curves for Section C-C



APPRNDIX II

44

Computation of Stress Distribution Based on Stress-Coating Method

(1) Temperature and humidity dﬁring spray and each loading level were

recorded. All the calibration bars used experienced the same atomos-

pheric. conditions. At each loading level one calibration bar was used

to experience the same loading-time history as the beam tested. The

calibrated results were used to predict the coating threshold strain,

TABLE B A RECORD OF BRITTLE COATING TEST

Load pige Time Temp R;H, Bar Load Thick- Thre%hold
(Kips) ('F) (%) No. Duzﬁgé?? ?ii; Strain(i€)
0 8/5/75 11:30 AM 80 65 Bl 0.010 400
15 8/5/75 12:00 pM 80 65
0- 8/5/75 10:00 PM 83 65 B2 10 0.013 420
25 8/5/75 11:30 PM 83 65
0 8/6/75 9:30 AM 81 62 B3 10 0.016 340
35 8/6/75 10:40 AM 81 62
0 8/6/75 8:40 PM 80 55 B4 10 0.015 340
45 8/6/75 10:00 PM 80 55
0 8/7/75 9:00 aM 79 65 B5 11 0.015 420
55 8/7/75 12:45 pM 80 62
0 8/7/75 9:30 PM 82 59 B6 9 0.014 510
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(i1) Corrections due to temperature and humidity

According to manufacture's bulletin, TL-201, the threshold strain
increases approximately SQ/ug .-per percent R,H, increase for small
changes in R,H, and decreases approximately 35 ME . per degree of
Fahrenheit for small changes in temperature.

Table C shows the calculation of corrections due to temperature
and R,H. and the approximate threshold strain at reference temperature

and humidity (80'F and 65% R.H.).

Table C Threshold Strain Correction Due to Temperature and R,H,

Threshold (grrection Threshold Corrected
Strain Temp R.,H. Stfain D Threshold
80 F,65%R.H, Strain
HE UE Ue LE LE
Y. 420 -105 0 315 518
B3 420 - 35 15 400 433
B4 340 0 50 390 363
B5 420 35 0 455 378
Bo 510 - 70 30 470 453

Average= 406

(iii) Correction due to Loading Velocity

% *
& = 1+ 0,05 (logip t)2 ¢

= 1+ 0.05 (log 4)2

*
= l.OISEi(Correction due to the time of releasing
load)
= 1,018 x 406 = 413 ME
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(iV) Calculation of Apparent Stress at 25 Kips

The normal stresses along the critical sections were

calculated and listed in Table D.

Table D Computation of Apparent Stress by Brittle-

Coating Method

Load e 0= Ee Oy d d'
(Kips) (k) (ki) (n)  (in.)
15 518 15.0 25.0 1/8
25 433 12,5 12.5 1/2 1/4
35 363 10.5 7.5 1-3/4 1
45 378 11.0 6.1 & 3
55 453 13.1 5

‘Note: Unit of strain is in micro-inch/inch.

(V) Normal Stress Curves

ksi
40
d: distance from the edge of the corner
x: experimental results
30 |
L2}
[ 1]
L]
L]
o
8
7 20 L
i
£ "
2
0 ] | ] 1 |

‘%;n %II 1ll 2" 3" 4" - d

Fig, R Normal Stress Curves for Unreinforced Corner
by Brittle-Coating Method
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x experimental results

L

1/4" lll 2Il 3" 4" 5"
Distance from the Edge of the corner

Fig. S Normal Stress Curve for Reinforced Corner

by Brittle-Coating Method
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ABSTRACT

This study presents the results of experimental analysis of
an I-beam with web opening by means of brittle coatings and electrical
resistance strain gages. These results were compared with numerical
calculations.

Brittle-coating results indicated the directions and locations
of critical sections where the electrical resistance strain gages were
used,

Least work method was based on stress distribution function to
minimize local strain energy density function and bn the statically
indeterminate forces to minimize the total potential energy.

Vierendeel truss method was used for finding the internal
resultant forces. The stress distributions over the section were

calculated using curved beam theory.



