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INTRODUCTION

Presently, openings are frequently cut in;the webs of wide
flange beams to provide access and utility passage ways for
multistory buildings. By removing a portion of the web, a
reduction in the shear area as well as in the moment of inertié
results. This, in turn, reduces the shear capacity as weli as
.the moment capacity of the beam. These reductions in capacity
must be taken into account, or possible failure of the beam may
occur.

Often different types and amounts of reinforcement have
been added, almost randomly, in the vicinity of the opening in
an attempt to strengthen the beam and account for any loss of
capacity. ?his type of random reinforcing has often resulted
in over or under reinforced cases, because of the uncertainty
involved in the behavior of the stresses around the openings.
Current methods of estimating the stresses in the vicinity of
the opening are usually based on a simplified elastic analysis
known as the Vierendeel Method. The Vierendeel Method makes
similar assumptions to the Vierendeel girder analysis, and will
be presented later.

Many of the openings cut in the webs of wide flange beams
are not necessarily centered at mid-depth of the heam for
practical as well as economic reasons. The Vierendeel Method
cannot directly apply to beams with eccentric openings without
some modifications; i.e., the shear force in the beam above and

below the opening must be known.



Several equations have been presented in the current lit-
erature to determine the shear force above and below an eccentric
opening, but few of the equations yield results which compare
well to experimental values. The purpose of this investigation
is to use a finite element method to determine the shear force
distribution above and below eccentric web openings for com-

parison with results presented by Bower (25) and Frost (18).



LITERATURE REVIEW

Research concerning the strength and behavior of beams
with openings in their webs has been conducted by many different
groups and organizations. In 1963, McCutcheon, So and Gersovitz
submitted a report (1) describing the progress made at McGill
University. Tests were performed on beams with unreinforced
ciroilar 0peningé and theoretical versus measured strains were
indicated.

A year earlier, in 1962, Heller, Brock and Bart published
a paper (2) in which a complex variable method developed by
Muskhelishvili was used in conjunction with a conformal mapping
techniqﬁe to obtain the stresses around a rectangular opening
in a beam web. Curves were presented shéwing the tangential
stresses arocund the boundary of a typical family of rectangular
0penings.

Segner (3) studied the strength of beams with rectangular
openings and various types of reinforcing. His conclusions
were restricted to a comparison of the cost and performance of
the several reinforcing methods.

In 1966, Bower presepted'two papers (4,5) concerned with
the applicability of the Vierendeel Analysis. Wide flange
hoams with openings in their webs were tested, and it was con-
cluded that the applicability of the analysis depended on the
size of the web hole and on the magnitude of the moment to shear
ratio at the hole. The analysis also seemed to apply only to
flat topped holes, since the boundary conditions of a circular

opening could not be satisfied.



A comparison of the stresses from the elasticity solution
to the experimental tangential stress measurements, for cases
of pure bending and bending with shear, was conducted by
Redwood (6). Agreement was good for cases of pure bending,
 but, when shear was present, the stresses were underestimated.

The ultimate moment capacity of a beam was investigated
by Redwood and McCutcheon (7) using several test specimens.

The parameters investigated were shape, number of openings, and
ratio of moment to shear at the opening. The results showed
that large reductions in ultimate capacity occur and that the
size of those reductions increases with the amount of shear
present. Openings that were circular seemed to perform bettexr
than rectangular openings and the presence of a second opening
nearby seemed to further reduce the strength of the beam.

In 1968, Bower (8) presented information intended as a
first step toward providing the engineer with data supporting
the need for reinforcement at an opening in the web of a beam.
Criteria were provided for elastic design, plastic design and
for buckling of beams with web openings. Criteria for elastic
design called for the same basic factor of safety against
yielding as in the AISC Specifications, except that the maximum
allowable bending and shear stresses were to be computed using
the actual stresses causing yielding at the hole rather than
the nominal beam stresses. Plastic design called for using the
AISC load factor of 1.70, except that the maximum allowable
load should be computed using the actual ultimate strength of

the beam at the hole rather than the gross beam strength. The



buckling criteria called for the same type of buckling analysis
as is used for beams without web holes so long as the edge of
the hole is at least four inches from the edge of bearing.

Several papers (9,10,11) have been published concerning
the plastic behavior and ultimate strength of beams with web
openings. Redwood and McCutcheon (12) tested to failure beams
with one or two unreinforced openings of various shapes under
several different ratios of shear to moment. They found that
for pure bending, the moment capacity of a beam with one or
two openings could be calculated based on the plastic modulus
of the net section through the opening. With the presence of
shear, a reduction of moment capacity below that for pure
bending resulted. The amount of this reduction was a function
of the opening shape, opening dimensions, spacing of openings
and the shear to moment ratio. When a single rectangular
opening was present, the moment capacity of the beam was reduced
to approximately 40 per cent of Mp, but when an identical
opening was added at a spacing equal fo the opening depth,
only a small additional reduction resulted.

Redwood (13) presented a method of deriving an interaction
curve relating moments and shears, as well as a simplified,
slightly conservative solution to obtain an approximation to
the interaction curve. Information on the plastic behavior of
beams with web openings was provided by Bower (14) as well as
equations predicting their ultimate strength. As the load on
the beam increases, the first yielding in the vicinity of the
hole occurs at the corners because cof the stress concentration

at that location.



An investigation concerned with estimating the strength
of beams with reinforced rectangular holes, assuming perfectly
plastic behavior, was conducted by Congdon and Redwood (15).
The reinforcement consisted of horizontal bars welded to the
web above and below the openings.

Cooper and Snell (16) performed tests on beams with rein-
forced web openings and confirmed the validity of the Vierendeei.
Analysis for the estimation of the normal stresses in the vi-
cinity of the hole. Simple beam theory, including the effects
of shear but neglecting the influence of the opening and rein-.
foreing bars, was found to give a reasonable estimation of
deflections. The measured shear stresses close té the opening
did not correlate well with the horizontal shear stresses cal-
culated from simple beam theory. The shear stresses in the
regions between the reinforcing bars were higher than those
predicted. Ultimate load tests were run on three beams and
the results were consistent with the predictions obtained from
the ultimate strength theory for reinforced web openings
presented by reference (19).

An analytical method of determining the moment carrying
capacity of beams with eccentric rectangular web holes was
given by Richard (17). The effects of varying the opening
eccentricity, opening length and opening height were investi-
gated. By increasing the opening eccentricity, the moment
carrying capacity for high shear values increased. As the
opening length and opening height increased, the moment carrying

capacity decreased. When the opening height became larger than



the opening length, the moment carrying capacity of the beam
increased. It was also found that the shear forces were un-
equally distributed across unequal web areas.

Frost (18) conducted an experimental investiéation on
eight beams to determine their ultimate strength. The web
openings were tested with an eccentricity of 1 in. and 2 in.
and with the moment to shear ratio at the hole at wvalues of
0 in. and 40 in. The Vierendeel Method was used for the theo-
retical analysis and several different formulas for determining

the shear force distribution were presented and compared.



METHOD OF ANALYSIS

Finite Element Method

The finite element method is a computexr based technique
for obtaining sclutions to mechanics problems. The finite ele-
ment method was used in this investigation to obtain the stresses
of interest. The finite element method has been shown (21,22,23)
to provide very good correlation with available experimental
test data. |

The computer program used (20} was an elastic~plastic
program developed jointly by the Illinois Institute of Technology
Research Institute and the Air Force Flight Dynamics Laboratory.
Elastic conditions were the only ones under investigation, so
the plastic portion of the program was not used. The finite
element displacement method was used to perform the linear
analysis in the iterative scheme. Bar and constant strain
isotropic plane stress triangles were used in constructing
idealizations of the beam. The two types of elements used in
the analysis (the bar and the triangular plate) are shown in
Fig. 1. Coordinates of the end points of the bar and the
vertices of the triangle are referred to a fixed coordinate
system in a plane. The ordering of the nodal components for
each element is shown in Fig. 1. The geometry of the structure
is determined by specifying the x and y coordinates of each
node, with respect to a fixed set of coordinate axes, and the
thickness (cross-sectional area in the case of bars) of the
elements. The cartesian components of the nodal displacements

for each of these elements comprise the element displacement
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vector {X}. The total element strains designated by the vector
{e} can be expressed in terms of the nodal displacements by an
equation of the form

{e} = [BI{X}
The stresses are related to the elastic strains by Hooke's Law

{o} = [C]{c®}

‘The nodal foxrces, {F}, corresponding to given displacements,
{X}, are found by the principle of virtual work.

In the elastic range of material behavior, the equilibrium
equations for a structure composed of plate and bar elements
of the type considered here can be written

{Fr}l = [K]{X}
where the force and displacement vectors now have as their com-
ponents the. cartesian components of force and displacement at
all nodes, and [K] is the assembled stiffness matrix for the
whole structure. The solution for the unknown displacement is
given symbolically by

{x} = [K]™1{F}

These displacements are used to obtain element strains and
element stresses. An iterative method is applied to each ele-
ment, and the decision to start a new step (when using the
elastic-plastic range) is based on the largest plastic strain
increment found among all the elements. (See Appendix C fér

program details.)

Idealization of the Beams

In order to apply a plane stress finite element method to
a three-dimensional structure, cextain modifications must be

made. The actual flanges and web reinforcement must be replaced
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by equivalent flange and reinforcement elements. The egquivalent
flange and reinforcing elements are bars running between nodes
along the paths of the flanges and the reinforcement. The
equivalent elements, or bars, are pin connected_to the appro-
priate nodes and transfer only axial forces.

The equivalent flange element was obtained as follows.
The bhar elements do nct have an associated thickness; therefore,
there is a conflict between maintaining tﬁe are; of the flanges
and maintaining the moment of inertia of the beam. Since main-
taining the actual strength of the beam is more important than
maintaining the actual area, the equivalent flanges are deter-
mined in such a way that the moment of inertia is kept a con-
stant. (See Fig. 2a.)

The moment of inertia, I, of the beam is given as:
bt >

£
£te a_tg02
iz~ * bete (37 }

tw 3
Iz-i-—z-(d-th)-!-Z{

and the moment of inertia, qu, of the equivalent beam is given
as:
thB a 2
Teq = T3+ 2 [Aeff (3) ]
If I = I, then the effective flange area, Aeff’ of the ide~

eq
alized beam is given as:
2T twd

A I dimn e e——

eff 6

ol

where t is the web thickness of the actual and idealized beam
sections, d is the total depth of the beam, t; is the thickness

of the flange and bf is the width of the flange.
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The basic actual beam sections are the same for both unre-
inforced and reinforced openings. It follows then that the
basic idealized beam sections should be the same for both unre-
inforced and reinforced openings. Therefore, the only change
in the idealized beam section with reinforcement is the addition
of the reinforcement elements. The equivalent reinforcement
elements were obtained by replacing the reinforcing by bars
which have the same location and cross-sectional area as the

reinforeing as shown in Fig. 2b.

Parameters Investigated

Only one beam section was investigated. A W16 x 40 was
chosen since the results from the other methods, presented by
both Frost and Bower, were given for that size beam. A direct
comparison could then be made between the results from this
investigation and those from the investigations presented by
Frost and Bower.

The shear force distribution was investigated under several
conditions. The eccentricity of the opening was varied from
1 in. to 3 in. by 1 in. increments, as the moment to shear ratio
was varied from 0 in. to 80 in. by 40 in. increments. Each
case was investigated first without reinforeing in the wvicinity
of the opening, then with reinforcing.

The beam sections used to obtain the moment to shear varia-
tions are shown in Fig. 3. Beam No. 1 was used to get an M/V
ratio of 0 in., but was modified, as in Fig. 4, to simplify
and shorten the element idealization. Beam No. 2 was used to

get an M/V ratio of 40 in., and was used without modification.
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Beam a h d tw bf tf c ts W
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3 6.4 3.25 16,0 .31 6.94 .48 24 S22 3.25

Fig. 3 - Deam Dimensions
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In order to obtain an M/V ratio of 80 in., Beam No. 2 was modi-
fied by adding end moments.

‘The modifications to the beams were designed so that the
shear and moment distribution in the modified beams coincided
with the shear and moment distribution in the critical portion
0of the actual beam.

The reinforcement details for each beam are shown in
Fig. 5. All of the moment to shear ratios and éhe corresponding
eccentricities which were under investigation for the reinforced
cases are presented with their reinforcement dimensions. Some
of the dimensions vary slightly in order to accommodate the
particular finite element idealization being used. In most

cases, the reinforcement dimensions were kept relatively con-

stant with respect to the opening.

Discretization of the Beams

The finite element discretization for a moment to shear
ratio of 0 in. is shown in Fig. 6. The finite element dis-
cretizatibn shown is a typical example of what was used, al-
though a different discretization was used for each change in
eccentricity and moment to shear ratio. The stress value given
for each element in the discretization is assumed to act at
the centroid of each element. Fig. 7 shows a section of the
element discretization in which the elements, numbering 252
through 285, were used to obtain the shear distribution at
x = 0 in. The solid dots in each element represent the centroid
of the element, as well as the point where the stress is mea-

sured. The dotted lines between centroids indicate schematically



1 ext.

REINFORCEMENT DIMENSIONS-INCHES

M/V e h a hl' ext.
0 2.0 3.20 6.4 0.80 6.1
1.0 3.25 6.4 0.75 5.6

40 240 325 6.4 075 56
3.0 3.258 6.4 0.25 5.6

80 2.0 3425 6.4 0.75 Dl

Fig.

5 - Reinforcement Details
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the weighted averages calculated.

in elements numbered 252, 253,
weighted average to obtain the

Each group of elements is

20

In other words, the stresses
270 and 271 are combined in a
stress at x = 0 in.

averaged through the section

shown, and eight stress points at x = 0 in. are obtained. These

stresses at a particular section are then plotted to give the
.stress intensity through a section. (See Appendix B.)

The shear force is obtained by integrating'the shear stress
curve and multiplying that by the thickness of the elements.
A numerical integration procedure was used to find the area
under the curve. The area was broken down into a grid system
and the number of squares and partial squares was counted.

The area above the opening multiplied by the thickness of

the element gives the shear force, V above the opening, and

Tl’
the area below the opening multiplied by the thickness of the

elements gives the shear force, V,, below the opening.

B
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PRESENTATION AND DISCUSSION OF RESULTS

Vierendeel Analysis

The finite element method was used to obtain a shear dis-
tribution for use in the Vierendeel Analysis. The basic features
- of the Vierendeel Analysis are shown in Fig. 8. The portion of
the beam between the reaction of the simple support and the
centerline of the hole is in equilibrium with an internal bending
moment caused by the reaction force, P.

The moment, M, causes basic bending stresses, o, at the

centerline of the opening

where M = Pu, In = moment of inertia of the net beam about

its centrcidal axis, and ¥y = the transverse distance from

the centicid of the net beam. Thus, M is assumed to be carried
by the reduced section at the hole acting according to elemen-
tary beam theory.

The shear forces, V

T or B’ C2USe secondary bending

stresses,;

v, Xy
c5=iTorB L O B e (2)

Xy Ip or B

that arise when the T-sections at the hole are treated as sepa-
rate beams with a point of contraflexure at the midlength of

the hole. Io gy B = the moment of inertia of the top or bottom

section about its centroid, = the tronsverse distance

YT or B

from the centroid of the top or bottom section, and x = the
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longitudinal distance from the center of the hole to the section,

positive to the right. For a hole symmetric with respect to

the axis of the symmetric beam as shown in Fig. 8

Equations 1 and 2 are added to obtain the total bending
(stress at any point through the opening. At point D in Fig. 8,

the total bending stress (tensile stress being positive) ‘is

For a beam with an eccentric opening, see Fig. 9, the tee
sections above and below the hole have different geometric
properties, an& modifications of eguations 4 and 5 are required.

The total bending stress, o, r at any section in the tee

sections is then

& =iV& X Yop " " o e (6)
X top tee IT In-
or .
B ==iVB ! + Y e (7)
x bottom tee Ig In

wvhere Vp and Vg are the portions of the shear distributed to the

top and bottom T-sections, respectively; I and IB are the moments

of inertia about the centroidal axes of the top and bottom tee

sections, respectively; Yop and yp are the transverse distances
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Fig., 9 - Vierendeel Analysis as Applied
to an Kceentrie Opening
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in the top and bottom tees from the controidal axes of the
T-sections; In is the moment of inertia about the centroidal
axis of the net beam; ¥ is the trahsverse distance from this
latter axis; and x is the longitﬁdinal distance from the éenter

of the hole to the section, positive to the right.

Discussion of Results

Table 1 and Table 2 show the ratios of VT to VB which were
obtained from this investigation, as well as six other ratios
proposed by various authors and described in Appendix A.

The unreinforced opening cases were studied first. The
values of VT/VB for an eccentricity of 1 in. and 2 in. were
investigated for M/V ratios of 0 in., 40 in. and 80 in. The
ratio of VT/VB was observed to be reasonably constant over the
range of M/V ratios investigated; therefore, in the interest
of saving time and computer costs, only one M/V ratio was in-
vestigated for an eccentricity of 3 in. To get an indication
of whether or not the VT/VB ratio remained approximately con-
stant for cases with reinforcing, all three M/V ratios were
investigated for an eccentricity of 2 in. Based on those cal-
culations, it again appeared that the VT/VB ratio was not
sensitive to variations in M/V. Therefore, only one M/V ratio
was investigated for eccentricities of 1 in. and 3 in. for the
reinforced cases. The ratio of VT/VB is an indication of the
amount of the total shear force that is distributed above and

below the hole. If an equal amount of shear force is carried

by the web tee above the opening and by the web tee below,
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such as in the case of a concentric opening, the ratio VT/VB
would be 1.0.

All of the methods used give results for the ratio of less
than 1.0, therefore indicating that the smaller web tee above
an eccentric opening carries less shear force than the larger
web tee below the opening. The differences between the theories
lie in predicting how much of a difference in shear force will
result. '

Method 2 is the only method that gives a reasonable com-
parison to the results of this study for the unreinforced
opening. The comparisons of the results from Method 2 with
the results of this investigation for the unreinforced case
were within approximately 7 per cent for an eccentricity of
1 in., within 15 per cent for an eccentricity of 2 in., and
within 33 per cent for an eccentricity of 3 in. With the
addition of reinforcement, the results from Method 2 resulted
in a difference of approximately 9 per cent for eccentricity
of 1 in., approximately 23 per cent for an eccentricity of 2 in.,
and a difference of approximately 21 per cent for an eccen-
tricity of 3 in. when compared to the results of this invest-
igation.

This comparison in percentages may be somewhat misleading,
since the values being compared for the larger eccentricities
are relatively small. As can be seen from Table 1, the actual
differences between the results from Method 2 and the experi-
mental investigation for the unreinforced opening were small

and relatively constant. For the reinforced opening the shear
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ratio increased by the finite element method and decreased by
Method 2. Method 2, as given in Appendix A, is a relatively
curtbersome method for determining the shear force ratio, and
is particularly so for the reinforced case.

While Method 6 doesn't yield results as close to the
results of this investigation as Method 2 for unreinforced
openings it does show an increase in the shear ratio when the
opening is reinforced and thus compares favorably in the
reinforced case. Method 6 is a reasonably straightforward
approach to obtaining the shear force ratio; however, the
results from that method for unreinforced cases vary from those
obtained in this investigation by 19 per cent for an eccentricity
of 1 in., by 42 per cent for an eccentricity of 2 in., and by
55 per cent for an eccentricity of 3 in. For the reinforced
cases, the variations were from 9 per cent for an eccentricity
of 1 in., from 23 per cent for an eccentricity of 2 in., and
from 36 per cent for an eccentricity of 3 in. Again, these
percentages may be somewhat misleading for the larger eccen-
tricities because of the relatively small values being compared.
(See Table 1.)

All the other methods varied from extremes of 92 per cént
below to 300 per cent above the values from this investigation.

When reinforcement was added, the VT/VB ratio, calculated
by the finite element method, increased in each case. This
indicated that when reinforcement was present, the per cent

shear force carried by the top web tee was increased, while
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the per cent shear force carried by the bottom web tee was
decreased. When reinforcement is added above and below the
hole, the web tee's become essentially I shapes, and the shear
stress distribution changes from the shape associated with a
tee section to that associated with an I section., This
redistribution would not necessarily change the total shear
force distribution however. The change in shear force dis-
tribution indicated by the finite element method was possibly
caused by the added stiffness of the top tee relative to the
bottom tee which resulted when reinforcement was added. The
stiffness of the section above and below the opening is measured
by its moment of inertia. An indication of the relative stiff-
ness of the section above the hole to the stiffness of the
section below the hole is given by the ratio of the moment of
inertia of the section above and below the heole. This ratio

of moment of inertias increased each time reinforcement was
added to the opening. For an eccentricity of 1 in., the ratio
increased from .287 to .323, for an ecéentricity of 2 in. the
increase was from .059 to .089, and for an eccentricity of 3 in.,
the increase was from .0071 to .0253. This increase indicates
that when reinforcement is added to the section, the stiffness
of the top section increases in a greater proportion than the

stiffness of the bottom section.
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CONCLUSIONS

From this experimental investigation, the following con-

clusions can be reached:

1.

The distribution of shear force above and below the
hole did not appear to be very sensitive to the
variation of the moment to shear ratio at the center
of the hole.

The greatest effect on the distribution of shear force
above and below the hole resulted from varying the

eccentricity of the hole. The eccentricity as inves-

~tigated was always above the beam centerline and, as

the eccentricity increased, the shear force in the web

above the hole decreased and the shear férce in the
weg below the hole increased.

When reinforcement was added above and below the hole,
the shear force became more concentrated between the
reinforcement and the flanges and the percentage of
the shear force carried by the section above the hole,
as determined by the finite element method, increased.
For the unreinforced case Method 2 gave results which
compared reasonably well with the finite element
results. For the reinforced case Method 2 and Method
6 gave nearly identical results. However, Method 6
was relatively easy to apply while Method 2 was quite

cumbersome and tedius to apply.
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SUGGESTIONS FOR FURTHER RESEARCH

Additional reseafch should be carried out using a larger
range of parameters. Only one beam size and three moment to
shear ratios were used in this investigation. However, in
érder to cover the practical range of the parameters involved,
several different beam sizes need to be investigated as well
as several different moment to shear ratios. Three eccentric-
ities were considered in this investigation and those were all
located above the beam centerline. Other eccentricities should
be looked at both above and below the centerline of the beam.

One size and length of reinforcement was used for each
case in this investigation. A more elaborate investigation
into the reinforcement details and their effects on the shear

force also needs to be considered.
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APPENDIX A

REVIEW OF METHODS OF CALCULATING SHEAR DISTRIBUTION
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An eccentric opening in the web of a beam creates a cross
section as shown in Fig. l0a. Unequal Tee Sections cause un-
equal shear force distributions in the web section above and
below the opening. Several methods of calculating unegqual shear
force distributions were presented by Bower (25).

The first method assumes that the shear forces are pro-

portional to the bending stiffness of the tees.

Vp 2 Ip
e e e i e S e e (1)
B B
where IT is the moment of inertia of the top tee section with
respect to its centroid, and Ip is the moment of inertia of

the bottom tee section with respect to its centroid.
The second method relates the shear forces to the shearing

stiffness of the tees.

PR ————————— A AP Y s R R LR

where A is the area of the top tee section, Ay is the area
of the bottom tee section, KT is the shear shape factor for

the top tee section, and K

B is the shear shape factor for the

bottom tee section.

The shear shape factors, K, and Ky, in method 2 are given

(24} by the equation:
13 (1 + 4m)?

K or K =
B T~ (15.3 + 122m + 350m2 + 257m°) + 3n%m (11 + 15m + m?)
Ag bg
where m = o ¢ D= g
w B oxr T BorT

and A. is the area of the flange, tw' SB and ST are shown in

2
Fig. 10a and listed in Table 3.
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When reinforcement is added to the beam, the tee sections
change to unsymmetrical I-sections, as shown in Fig. 10b, and
the shear shape factor above does not apply. A new shear shape
factor for an unsymmetrical I-shape was derived, based on unpub-
lished calculations provided by G. R. Cowper, the author of
reference (24).

20 (1+u) A
2 2 2
Su{(anl + an)pﬂ-ﬂ 1 + 3pvy

KI =

where

vy = =t ((3+40) (V4 @) + 5(10) vEu? (viw)

2p

+ 20(l+u)(uw+8v)(v3+ w3)p}

2 2.2
+ Sau?K4+5u)ni . (2+g)m + 3(1ty) & Y 4 (aw+Bv) }]
P P P
' 2. 2 (é+u)v2 3(140) it v2
+ 58v [ (4+5u)n; - & { + 4 (ow+pv)}]
p p 4]
and
A = (l2aB+4o0+4B+1)
b.t b.t
a:...___l—]—'-———%-,sm__.__%__g__g’\)=2q+l'w::28+l'
dT or B w dT or B w
b b
1 2 u = Poisson's ratio

p = a+8+l r n T e n = e r
1 d‘I‘ or B 2 dT or B

and where bl, tl’ bz, t2’ dr of B and gﬂare shown in
Fig. 10b-1 and listed in Table 4.

This shear shape factor was then used in Method 2 for the

reinforced openings.
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The third method differs from methods 1 and 2 in that it
is exclusively a function of the beam web, instead of the tee
section. The shear force is related to the ratio of the total
depth of the tee webs.

v (d - 2h - 2e)

T
\71; {d - 2h + 2e}

fl=

where d is the total depth of the beam, 2h is the depth of the
opening, and e is the eccentricity of the centeéline of the
opening.

The fourth method is similar to method 3 and is also a
function of the beam web. It relates the shear forces to the

ratio of the beam depths above and below the centerline of the

hole.
32_2 fa = 28} L L e e e .o (4)
o T {d + 2e)

where d is the total depth of the beam, and e is the eccentricity
of the centerline of the opening.

Method 5 is a refined version of method 4 that takes into
account the effect of the beam flanges in altering the shear

stress distribution in a normal wide-flange beam.

*
Vo2 12 ™ (@ -2e) - [&3 - (20071 L. ____ -
*
vB 132 € 4 (d -~ 2e) - [d3 + (28)3]
2 4 b t
x2 (4 £tf
where C 7 = (5} [1+ "E—“a—]
W
and d, t

£ bf'tw’ and e are shown in Fig. 10a.
Method 6 presented by Frost (1B) indicates that the shear
is distributed between the two section according to their

relative stiffnesses.
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a2 + 1.2

VT 2 3 E IB AWBG
v—" e (6)

B a v A

3 E IT AWTG

where a is the half length of the hole, Aw is the web area,

I is the moment of inertia of the-tee with respect to its
centroid, E is the elastic modulus, and G is the shear modulus.
The subscripts T and B refer to the top and bottom tee sections,

respectively.



M/v | b B t, I d
0 | 6.90 | 0.49 | 0.31 | 3.55 | 5.55 | 16.0
40 }6.94 | o0.48 {0.31 | 3.50 | 5.51 | 16.0
80 | 6.94 | 0.48 | 0.31 | 3.51} 5.51 | 16.0
0 | 6.90 | 0.49 | 0.31 | 2.55 | 6.55 | 16.0
20 | 6.94 }o.48 }0.31 |2.51 ] 6.51 | 16.0
80 | 6.94 [o0.48 | 0.31 | 2.51 ] 6.51 | 16.0
0
40 }6.94 Jo0.48 }0.31 }1.51§ 7.51 | 16.0
80

Table 3 - Dimensions Used in the Calculation

of the Values of the Shear Shape Factor
of the Unreinforced Beam

(inches)
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M/V by b t A d, b B d
0

40 6.94 0.48 0.31 1 2.76§ 4.76 | 4.3l 0.25 16.0
80
0 6.90 0.49 0.31 | 1.76 { 5.76 | 4.31 025 16.0
40 6.924 0.48 0.31 {1.76 | 5.76 § 4.31 0.25 16.0
80 6.94 0.48 0.31 {1.76 | 5.76 | 4.31 0425 16.0
0

40 6.94 0.48 0.31 126 | 726 4.31 0.25 16.0
80

Table 4 - Dimensions Used in the Calculation of the

Values of the Shear Shape Factor of the
Reinforced Beam

(inches)



APPENDIX B

PLOTS OF THE SHEAR DISTRIBUTION FOR THE VARIOUS CASES INVESTIGATED
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APPENDIX C

TYPICAL COMPUTER INPUT DATA ;
(Wi6 x 40 Beam, 12.8" x 6.5" unreinforced opening, M/V = 0", e = 2")



i 59
EST 3FAM WITH CUTOUT - M/v = 0 INCHES
AILINCAR LAW
HATERT M e massmemammes |
MAnuLs AF ELASTICITY »m— e 0.2999F 0%
SFCANT YIELD STRESS~=mmmmmmmm 0,3600F 02 /)
SHAPE PARAMETE P s g 0.0
PATSSNNIS PAT[N=mm—— e e e 0.3000 .
ERRANE TOLERANCL -~ ~mmmmmm e 0.0230
RILINFAR LAW
MATERTAL —m— e e e 2
MODJLUS OF CLASTICITY=-——====  0.2900€ 05
SEAANT _YIELND STRESS——=———m——— 0,2600F 02
SHAPE PARAMETER~——===—m——m e 0.0
BOTSSUNTS RATIN—ww—smea—mmne—e  0,3000
EX{AOR_TOLERANCE==—————— e 90,0200
BILINTAR LAW .
BT E S L) o b A i s 5
MODULUS OF ELASTICITY=m—mm——— 0.29G0E 05
SECANT YIELD STRESS~—————=———  0,3500F 02
SHAGE PARAMETER—=mwmmmm e 0,0
PATSSHNTS RAT[Om o mmm e 0.3000
ERQIR TOL ERANCE-~=m—~m—————=——  (,0200
NO. NF NODES MMODE = 284
N, MF ELEMENTS NELEM = 536
NQ. N _STEBS NOTY = 1 B
NiY. OF ITERATIONS/STEP  MIT = 30
 ROUNDARY. CONDITINN ARRAY
NODAL PT X Y SLIDING
CODE VALUE CODNE VALUE CONE VALUF
1 0 0.0 1 0.0 0 0.0
147 1 0.5 0 0.0 ) 0.0
287 0 0.0 1 0.0 0 0,0
NNGAL PT X-CONRD X-FORCE Y—COORD Y-FORCE cOne
1 0.0 =256.2500 0.0 0.0 10
2 G.0 3,0 8.0000 0.0 0
3 0.0 26,2500 16,0000 0.0 0
4 .00 0.0 0.0 0.0 0
5 6,003 0.0 8.0000 0.0 0
& 60320 2.0 16.0000 0.0 o
7 12.9339 0.0 0.0 0.0 o
f 12.0029 0.0 8,000 0.0 0
9 12,0007 n.0 16,0000 0.0 a
10 Iﬂofl-’)':";) O.G 0.0 0.0 0
11 18,0000 0.0 8.,0000 0.0 0
12 18,9007 0.0 16.0000 0.0 0
3 27.1000 0.0 0.0 8.0 0
14 22.0000 0.0 8.0000 0.0 4]
15 22.0020 0.0 156.0000 0.0 0
17 24,0000 2.0 3,0000 0.0 0
13 24,0000 0.0 8.0000 0.0 0




lq :,410000 an 1’1-0000 0.0 0

20 24,0090 0.0 16,0000 0.0 0

21 26,0000 0.0 0.0 0.0 0

22 26,0070 9.0 3,0000 0.0 0

.23 26,0000 0.0 8.0000 0.0 0

24 26.1000 0.0 14.0000 0,0 0

25 3653970 Ol 16.0000 0.0 [V

26 28,0000 0.0 0.0 0.0 0

27 28,0000 0.0 3.0000 9.0 0

28 78,0000 .0 8.5000 9.0 0

29 28.0000 0.0 10.0000 0.0 0

30 28,0000 0.0 14.0000 2.0 0

31 28.0000 9.0 16.0000 0.0 0

37 : 29.5000 0.0 0.0 0.0 0

_ 33 29.5000 0.0 3.00090 0,0 ]
| 44 79,5000 0.0 6.0000 0.0 0
I 35 29,5009 0,0 8.5000 0.0 0
| 34 29,5C00 0,0 10.0000 3.0 0
37 29.5000 0.0 11.5000 0.0 0

3s 29.5000 0.0 14.00020 0.0 0
. 29,5000 0.0 16.0000 0.0 0
AR 31,0730 0.0 0.0 0.0 0
! 41 31.0000 0.0 1.5000 0.0 0
42 31,0000 0.0 3.0000 0.0 0

53 31.3000 0.0 6.0000 4.0 i

&4 31.0009 0.0 8.5000 0.0 o

45 31,0000 0.0 10.0020 0.0 0

; A 31,0000 0.0 11,5000 0.0 [
; 47 31,0000 0.0 14.0000 0.0 0
| 49 11.0000 0.0 14,5300 5.0 0
49 31.0000 7.0 16.0000 0.0 0

50 32.5000 0.0 0.0 0.0 0

51 32.5000 0.0 1.5000 0,0 0

5 57 3725000 G.0 3.0000 g.0 0
1 53 32,5000 0.0 4,5000 0.0 0
f 54 32.5200 0.9 6.0000 0.0 0
55 32,5050 0.0 T.3003 0.0 g

56 32.5000 0.0 8.5000 © 0.0 0

57 37,5000 0.0 10.0090 0.0 0
T 37,5030 0.0 11.50600 0.0 i}
5o 32.5000 0.0 12.7000 0.0 4]

60 32,5000 0.0 14.0000 0.0 0

61 37,5000 0.0 14,5000 0.0 ]

62 372.5000 0.0 16,0000 0.0 0

63 24,0000 0.0 0.0 0.0 0

[ 35,0000 U.0 1. B5T00 ] 0

&5 . 14,3090 0.0 3.0000 0.0 0

66 34,7990 0.0 4.5000 0.0 0

YA 14,0090 0.0 &.00G00 YY) 0

68 34.0000 0.0 7.3000 0.0 0

69 34,0000 n.0 3.50030 0.0 0

70 14,0000 .0 T0,030% 0.0 [/}

Tt 34,0000 0.0 11.50090 J.0 0

72 34,0000 0.0 12.7000 U.0 0

73 340030 0.0 T4.0009 0.0 0

T4 34,0000 0.0 14.5000 0.0 0

75 314.3C00 n.0 16,0000 0.0 ]

I LS N R PN avg 0.0 0

17 15,1070 0.0 1.5000 0.0 0

78 35,1000 0.0 - 2,0000 0.0 0
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79 35,1000 0.0 L5000 "
80 35,1000 9.0 2.0000 8.8 8
A1 . 35,1000 0.0 6.8000 0.0 Q
EY) 35,1000 G0 7.3000 0.0 0
. 81 : 35,1000 0.0 £.5000 0.0 0
84 35,1009 3.0 10.0000 Q.0 o)
85 15,1099 0.0 11.5000 0.0 D -
87 35.1030 N.0 13,2099 0.0 0
[ £S 35,1090 9.0 14,0000 0.0 0
| a7 35,1000 0.0 14.5000 0.0 0
[ 90 35,1099 0.0 16,0000 0.0 o
al 15,6000 0.0 6.8000 0.0 0
92 35,6000 0.0 7.3000 0.0 0
. 93 ; 15,6000 0.0 B,5000 0.0 0
| 94 35,6000 0.0 10.0000 0.0 0
| 95 35.5000 0.0 11.5000 0.0 0
| 94 35,602} 0.0 12.7000 0.0 0
97 15,6000 0.0 13.2000 0.0 0
98 36,1000 0.0 0.0 0.0 0
_an 36.1000 0.0 . 1.5000 0.0 0
100 36,1000 . 0.0 31,0000 0.0 0
101 16,1009 0.0 4.5000 0.0 0
102 36,1000 0.0 6.0000 0.0 0 i}
193 36,1000 0.0 6.8000 0.0 g
10% 36.1000 0.0 13,2000 0.0 0
1G5 16,1090 3.0 14,0000 0.0 0
106 16,1000 3.0 14.5000 0.0 0
107 36,1000 0.0 16,0000 0.0 ]
108 37.5000 n.0 0.0 0.0 0
109 317.5000 0.0 1.5000 G.0 i)
110 17,5000 n.0 3.0000 Bt 0
i1l 37.5000 2.0 4.5000 0.0 0
117 37.5000 ¢.0 6.0000 0.0 0
113 37.5000 0.0 6.8000 0.0 0
114 17.5000 0.0 13.2000 0.0 0
115 37,5000 0.0 14,0000 0.0 0
116 37.5000 0.0 14.5000 0.0 0
117 37,5000 0.0 16,0000 0.0 0
118 39,0700 0.0 0.0 0.0 0
119 39,0000 0.0 1.5000 0.0 0
129 19,2000 0.0 3.0000 0.0 0
121 35,0000 0.0 4.5000 0.0 0
122 39,0000 0.0 6.0000 0.0 ]
123 39.0000 0.0 6.8000 0.0 0
124 15,0000 0.0 13,2000 0,0 0
125 26,9000 0.0 14.0000 0.0 0
126 29,0000 0.0 14,5000 0.0 0
127 39,0030 0.0 16.0000 5.0 g
123 40,5000 0.0 0.0 0.0 0
129 40,5000 0.0 1.5000 0.0 ]
130 %0.5000 0.0 3.0000 0.0 0
131 40,5009 0.0 4.5000 0.0 0
132 £0.5000 0.0 65.0000 0.0 o
123 40. 5020 0.0 6.8000 0.0 0
134 40.5000 2.0 13,2000 0.0 0
1135 40,5030 N.0 14,0009 0.0 0 i
13& 40. 5000 0.0 14,5000 0.0 0
137 40,5000 0.0 16.0000 0.0 0
138 42,0007 0.0 0.0 0.0 0




139 42,0000 2.0 1.5000 0.0 0
140 42,0000 T gL 0 3.0000 0.0 0
141 47,0009 0.0 4.5000 D.0 0
142 42,0000 3.0 “6.0000 oo K . AR
143 42,3000 0.0 6, 8000 0.0 0
R LT 42,0000 0.0 13.2009 0.0 0
145 42,0000 0.0 TTlal.0000 TTh.0 T )
146 42,0000 0.0 14.59200 0.0 0
147 42,2000 0.0 16.0000 0.0 lo0d
148 &3.5000 [y o] 0.0 .0 TR i
149 43,5000 0.0 1.5000 0.0 0
150 42,5000 0.0 13,0000 0.0 0
151 43,5060 0.0 T4.5000 0.0 0
152 . 43,5000 0.0 65,0000 0.0 0
151 ' 43,5009 0.0 £.8000 0.0 0
154 43,5000 0.0 13.2000 0.0 0
155 43,5000 0.0 14,0000 0.0 o
156 43,5000 0.0 14.5000 0.0 0.
157 43,5000 - 0.0 16,0000 0.0 0
158 45,0000 0.0 0.0 0.0 0
159 5. 0000 0.0 -1.5000 0.0 0
150 §5.0000 " 0.0 3,0070 0.0 G-
151 45,0000 0.0 4,5000 6.0 0
162 45,0000 0.0 6.0000 0.0 o
163 55,0000 7.0 5.3000 6.0 0
164 45,0000 0.0 13.2000 0.0 o
165 4%,0000 0.9 14,0000 0.0 0
155 45,0000 0.0 14,5000 0.0 [0
167 46,7000 0.0 16.0000 3.0 0
168 46,5007 0.0 0.0 0.0 0
150 56,5000 0.0 1.500C TR0 0
170 46,5000 0.0 3.0000 0.0 0
171 46,5000 0.0 4,5000 0.0 ) 0
172 H6, 5000 g.a 60930 0.0 B 0
173 46,5000 0.0 5.8000 0.0 o
17% 46,5000 0.0 13.2000 0.0 0
175 46.5000 0.0 14.0000 .0 &}
176 46,5300 0.0 14.5%000 0.0 0
77 . 44,5090 0.0 16.0000 0.0 .0
178 LT.9000 0.0 0.0 0.0 0
179 47,9000 0.0 1.5000 0.0 0
139 47,7000 0.0 3.0000 0.0 0
id7 ET000 0.0 4. 5000 0.0 0
1872 47.9000 0.0 5.0000 0.0 0
133 47,9000 0.0 56,8000 0.0 0
9% GT 7090 T 0 13.200T 7.0 0
145 47.9000 0.0 14.0000 0.0 0
134 47.700% 0.0 14.5002 0.0 o )
197 LT\ R) 0.U 16,0000 0.0 0
138 48,4900 0.0 6.8000 0.0 0
199 48,4000 0.0 7.3000 0.0 0
190 A DAV g.0 A7 5000 3.0 ¢
171 48,4000 0.0 10,0030 0.0 0
17?2 AR 4090 0.0 11.5000 0.0 0
193 48,4000 0.0 12,7060 0.0 0
i94 48,4000 .0 13,2000 0.0 o
1a5 48,9300 0.0 0.0 0.0 0
GI A T TN .0 1.5000 5.0 0
197 4R,970) 0.0 3.0000 0.0 0
173 48,9009 0.0 4.5000 0.0 a




199 48,9000 0.0 6.0000 0.0 0
200 C 48,7000 0.0 68009 0.0 0
201 48,8000 Q.0 7.3000 0.0 L ——
202 42,9000 0.0 B. 5400 2.0 0
203 48,9000 0.0 10,0000 0.0 0
200% s AB.G5000 0.0 C11.5000 0.0 0.
205 48,9000 0.0 12.7000 0.0 0
i 204 45,9000 0.0 13.2000 3.0 o
_.207 42,9001 0.0 14,0000 U TN 0
208 48,9000 0.0 14.5000 2.0 0
209 43,9003 0.0 16.0000 0.0 0
2,10 50"3,{},00 0!0 0.-_9__‘_ O.._O D
211 30.0000 0.0 1.5000 0.0 0
212 50.0000 0.0 3,0000 0.0 0
213 50,0000 0.0 445000 0.0 0
214 50,0332 0.0 6,0000 0.0 0
_ 215 50.0000 0.0 7.3000 0.0 0
| 216 50,0000 0.0 8.5000 0.0 i)
217 50.0000 0.0 10,0000 0.0 0
218 50,0000 0.0 11.5000 0.0 0
: 219 50,0000 0.0 12,7000 0.0 0
i 220 50,0000 0.0 14,0000 0.0 0
; 221 50. 0000 0.0 14.5000 0.0 Q
222 50,0030 0.0 16,0000 0.0 0
223 51.5C20 0.0 0.0 0.0 0
224 51,5030 0.0 1.5000 0.0 o]
225 51.5000 0N 3.0000 0.0 0
226 51,5000 0.0 4.5000 0.0 0
221 51.5000 0.0 &.0000 0.0 o
223 51,5020 0.0 7.3000 0.0 0
229 51.500N0 9.0 8,5000 0.0 0
230 51.5000 0.0 10.0000 0.0 0
211 51,5000 0.0 11.5000 . 0.0 0
732 51,5000 N0 12,7000 0.0 0
2313 51.5000 0.0 14,0000 0.0 ¢
2134 51,5000 0.0 14.5000 0.0 0
215 51,5000 9,0 16,0000 0.0 0
236 53,3000 0.0 0.0 0.0 0
237 53.3000 0.0 1.5000 0.0 0
' 738 53,0000 0.0 3.00G0 0.0 0
239 53,0000 0.0 5.0000 0.0 0
240 53.00200 0.0 845000 0.0 g
241 53,0002 0.0 10,0000 3.0 0
2472 51,0000 0.0 11.5000 0.0 0
240 - 53,9022 0.0 14.0000 0.0 0
[ 244 53.0000 0.0 14,5000 0.0 0
245 : 53.0000 0.0 16,0000 0.0 0
246 54,5001 0.0 0.0 0.0 0
247 54,5000 0.0 31,0000 0.0 0
248 54,5000 J.0 6.0000 0.0 0
249 54,5900 0.0 85000 0.0 0
3 250 54,5000 5.0 10.0Q00 0.0 0
251 54,5030 0.0 11.5000 0.0 1]
L 252 54, 5070 1.0 14.0070 0.0 0
253 54,5030 0.0 16,0000 0.0 0
254 56,3030 0.0 0.0 0.0 o]
- 255 5640720 0.0 3.0009 0,0 0
2506 56,3022 0.0 8.5000 0.0 0
257 54,0000 0.0 10.0000 9.0 0
251 56,0070 2.0 14,0000 0.0 0




64

't

259 56. 0000 [y 5! 16,0000 0.0 0
260 58,0000 3.0 0.0 0.0 v}
_261 54,0000 0.0 3.0000 9.0 0
262 58,0009 0.0 8.00800 4.0 o
2613 SR.0NNQ 0.0 14.0000 .0 0
26% 58,0000 n.0 14,0900 0.0 v}
265 60,0000 0.0 9.0 0.0 o B
2606 ; 60,0039 0.0 3.0000 0.0 0
264 60000 00 14.0000 0.0 o
259 £0.0000 0.0 16,0000 0.0 0
210 62,0000 0.0 0.0 0.0 o
27 62.300) 0.0 G.0000 0.0 0
272 62.0090 0.0 16.0000 0.0 0
273 66,0000 0.0 0.0 0.0 0
274 66,0000 0.0 8,000 0.0 0
215 66,0009 0.0 15,0000 0.0 0
276 72,0009 0.9 0,0 0.0 I E
277 72.0000 0.9 8.0000 0.0 0
278 72.0000 0.0 16.0090 0.0 0
279 78.0000 0.0 0.0 0.0 0
280 78.0000 3.0 8.G200 0.0 0
281 78,0000 0.0 16.0000 0.0 0
252 84,9000 - 26,2530 0.0 0.0 10
253 R4.0009 0.0 8.0000 0.0 0
284 84 .00200 ‘ 2642520 16.0000 0.0 0
EUFMENT NODE 1 NODE 2 NODE 3 ELEMENT TYPE TARFA ORTTHICK, MATERT ¢
1 i 4 0 BAR 0.56580C 01 i
2 i 4 5 PLATE 0.3109CF 00 2
3 1 5 2 PLATFE 0.310CJE GO L 2
A 2 5 3 PLATE . J. 31030 00 . )
5 3 5 6 PLATE 0.31000E 00 2
6 3 6 0 HAR 0.565%80F D1 .
7 4 7 0 HAR 0. 565801 01 1
q 4 7 8 PLATE 0.21000F 0O 2
9 4 8 5 PLATF 0.31000E 0O L r»
10 5 q 6 PLATE 0. 31000ETod Z
Il 6 8 g PLATE 0.31000E 00 Zz
12 IS Q 0 BAR 0.56580E 01 1
13 7 i) 0 Ko 0.5465808 01 1
14 7 19 11 PLATF 0.21000F 03 2
15 7 11 f PLATE 0.310008 00 2
% 7 It G PUATE TTTOT3L000NE W0 2
17 9 11t 12 PLATE 0.31000C 00 2
19 ] 12 0 RAR 0.56580E6 01 1
- 19 10 13 B HAE UL SE580 0y T T i
29 10 12 14 PLATE 0.310008 Q0 2
21 10 - 14 11 PLATE : 0.31000F Q0 2
27 Il ) 12 PLETE o 3ld0o0E 00— T T 2
23 12 14 15 PLATF C.31000F 00 2
24 12 15 0 BAR 0.56590F 01 1
5 T3 ) 4 QAR ™ T2 200 O TTTTU
26 13 Lo 17 PLATE 0.31000E 00 2
27 i3 17 1l PLATE 0.310007 00 2
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29 14 17 18 PLATE 0.31000F 00 2
29 14 13 19 PLATE 0.31000F 00 2
0 14 19 15 PLATE C.31000F 00 2
31 15 19 20 PLATF 0.31000F 00 2
32 i5 20 0 BAR LI2200F 01 1
33 15 21 0 N CBAR. 3.132200F D1 1
3N 16 21 22 PLATE 0.31000E 00 2
15 14 22 17 PLATE 0.31000F GO 2
6 17 23 23 PLATE 0.31000F. 00 2.
a7 17 23 18 PLATE 0.31J00F 00 2
33 13 23 19 PLATE 0.31000E 00 2.
39 19 23 24 PLATE 0.31000F 00 2
40 19 24 20 PLATE 0.31000F 0O 2
41 20 24 25 PLATE 0.31000F 00 2
42 20 25 0 BAR 0.37200€ 01 1
43 21 26 0 BAR 0.32200F 01 1
44 21 25 27 PLATE 0.31000F 00 2
45 221 22 PLATE 0,31000E 00 2
AT 22 27 28 PLATE 0.31000E 0O 2
47 27 28 23 PLATE 0.31000F 00 2
49 73 28 29 PLATE 0.31000€ 00 _ 2
49 23 29 24 PLATE 0.31000F 03 2
50 24 29 30 PLATE 0,310C0F 20 2
51 24 30 25 PLATE 0.210Q08 00 2
52 75 35 31 PLATE 0.31000E 00 2
53 25 31 0 RAR 0.322008 01 1
G4 26 32 0 BAR 0,32200F 01 ]
55 25 32 33 PLATE U.3100GE 00 2
56 26 33 27 PLATE 0.31000E 00 2
57 27 33 14 PLATE 0.31000E 00 ?
53 27 34 28 PLATE 0.310J0F 00 2
59 28 34 35 PLATE 0.31000F 0D 2
6% 29 35 29 PLATE: 0.31000F €O 2
al 29 35 36 PLATE 0.31000F 00 z
62 29 38 37 PLATE G.31900F Q0 2
63 29 37. 30 PLATE C.31200F_ 00 2
64 30 37 18 PLATE 0.2L000F 00 2
65 30 38 31 PLATE 0.31000F 00 2
a6 31 38 39 PLATE 0.31000E 00 2
67 31 39 i} RAR 0.37290F 01 1
&3 32 40 0 BAR 0.32200C 01 1
69 32 b0 41 PLATE 0.31000F 9GC 2
79 32 41 i3 PLATE 0.31G00F 00 2
71 33 41 42 PLATE 0.21000F 09 2
72 33 &7 43 PLATE 0.31000F 00 2
73 33 43 34 PLATE 0.31000¢ 00 Z
74 34 43 A PLATE 0.21000F 00 2
75 34 44 35 PLATE 0.21000E 00 2
75 35 44 45 PLATE 0.31003F Q0 2
77 3% 45 16 PLATE 0.31000E 00 2
78 36 45 37 PLATE 0.31000F 00 2.
73 A 55 A PLATE 0. 3L00CF a0 2
2 37 46 38 PLAYE 0.31000F 00 2
a1 19 45 &1 PLATFE 0.31000¢ 00 2
32 38 & 4R PLATE 0.31000E 00 2
a3 39 49 39 PLATE 0.31000F 00 2
A4 39 48 49 PLATE 0.,31000F 00 2
35 19 %9 0 AR 0.22200F 01 1
84 40 50 o nae 0.32200F 01 1
57 40 59 51 PLATE 0.,31000F 00 2




58 40 51 41 PLATF 0.31000¢ Q0 2
) 41 51 52 . PLATE 0.31000C 00 2
90 41 52 47 PLATE 0.31000F 00 2
91 42 573 53 PLATF 0,31009€ 0O 27
92 42 51 41 PLATE C.3100DF 00 2
93 43 53 56  PLATE 0.,31000F QO 2
94 4“3 54 55 TUPLATETT T OL310008 Q7T T T2
95 43 55 (A PLATE 0.31000F 00 2
96 bh 55 56 PLATE N.31000F -00 2
57 &4 (1A 57 TTURUATETTT TTTTTT0L31 0008 00 I
98 44 57 45 PLATE 0.31000F 00 2
93 45 57 46 PLATE 0.31000F 00 2
100 46 57 58 PUATE 0.21000F 00 Z
191 48 58 - 59 PLATE 0.31000F 00 2
102 46 59 47 PLATE 0.31000F 00 2
103 47 59 60 PLATE 0.21000F 00 2
154 47 60 48 PLAVE 0.31000F OO 2
105 48 80 61 PLATE 0.2L000E 00 2
106 48 6l 49 PLATE D.31000E 0O 2
107 49 61 62 PLATE 0.31000E 00 2
108 49 62 0 BARQ 0.32200E 01 1
1309 59 673 0 HAR 0 32200 01 1
110 50 53 b4 PLATE 0D.31000F 00 2
111 50 &4 51 PLATE 0.31000E 00 2
112 51 [ 65 PLAVE C.3T000E 00 e
113 51 65 52 PLATE 0.3L000F 00 2
114 52 65 66 PLATE 0.3100GE 00 2
i15 ¥ 66 53 OLATE 0. 31000E 00 2
1156 53 66 67 PLATE 0.31000F 00 z
117 53 67 54 PLATE 0.31000C 00 z
118 5% &7 %58 BLATE 0. 3T000F 00 2z
119 54 68 55 PLATE N.31000F 00 2
120 55 63 69 PLATE 0.21000E 00 2
171 55 53 5% PTATE 0. 3T000F 00 7
122 56 69 70 PLATE 0.31000F 00 2
123 56 70 57 PLATE 0.31000E GO 2
12% £ 70 53 PLATE UL, 3T000F 00 pJ
125 58 10 71 PLATE . 0.31000E 00 2
126 58 71 59 PLATE 0.21000F 00 2
177 51 T iz PLATE 0L ATO00E 00 7
128 59 72 60 PLATE 0.21G00E 00 2
129 60 72 73 PLATE 0.310008 20 2
130 60 T3 &1 PLATE 0.3T000F 00 r
131 61 73 T4 PLATE 0.31000E Q0 2
132 61 T4 62 PLATE 0.31000F 00 2
133 &2 T4 s PLATE 0. 3TI000E CO 2
L34 62 75 4] BAR 0.32200F 01 1
135 63 76 0 BAR 0.32200F 01 1
1735 ! 75 7 PUATE 0. 31D0OE™ Q0 A
137 63 77 64 PLATFE 0.31000F 00 2
138 b4 17 78 PLATF 0.31000F 00 2
139 6% 1E 65 PUATE NT31000r 00 2
140 65 78 79 PLATE 0.31000E 00 2
141 65 19 46 PLATE 0.31000F 00 2
147 Y8 T3 84 PLATE DT II000E700 i
143 66 80 67 PLATE U.31000F 00 2
144 67 30 a1 PLATE 0.31000FE 00 2
155 67 T1 59 PLATE " ATC00E 00 2"
146 a8 a1 g2 PLATE 0.31000F 00 2
147 68 82 83 PLATE 0.31000E 0O 2
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143 69 813 69 PLATF 0.31000F 0O 2
149 69 83 A4 PLATE 0.31000F 00 2
1 150 49 3% 70 PLATE 0.31000E_00 2
' 151 70 R4 71 PLATE 0.31000E 0D 2
152 71 84 85 PLATE 0.31000FE 00 2
L 153 7 _ RS 72 PLATE 0.31000F_00 2.
154 12 a5 36 PLATE 0.31000E 00 2
? 155 72 96 ar PLATE 0.31000F 00 2
156 12 31 3 PLATE 0.31000F 00 2.
157 73 a7 88 PLATE 0.31000C 00 2
153 73 88 T4 PLATE 0.31000F 00 2
159 74 38 a9 PLATE _0.31000€_00 2.
160 74 89 75 PLATE 0.31000E 00 2
161 75 89 90 PLATE 0.31000E 00 2
162 15 an 0 BAR 0.32200F Q1 L.
163 76 98 0 BAR 0.32200F 01 1
164 76 98 99 PLATE 0.31000E 00 2
165 16 99 17 PLATE 0.31000F. 00 2
166 77 99 100 PLATE 0.31000E 00 2
167 77 100 78 PLATE 0.31000€F 00 2
168 78 190 101 PLATE 0.31000F 00 2
169 78 101 79 PLATE 0.31000E 00 2
170 79 101 102 PLATE 0.31020E 00 2
171 79 107 30 PLATE 0.31000F 00 2
172 80 91 81 PLATE 0.31000E 00 2
173 80 102 91 PLATE 0.31L0D0E 00 2
174 91 102 103 PLATE 0.31000F 00 2
175 81 71 92 PLATE 0.31000E 00 2
176 91 103 92 PLATE 0.31000F 00 2
177 81 92 32 PLATE 0.31000£ 00 2
178 82 92 93 PLATE 0.31000F 00 2
179 82 93 83 PLATE 0.31000E 00 2
182 81 93 94 PLATE 0.31000E 00 2
181 83 94 34 PLATE 0.31000E 00 2
182 84 94 85 PLATF 0.31000E 00 2
182 85 94 95 PLATE 0.31000F 00 2
134 85 95 86 PLATE 0.21000F 00 2
185 86 95 96 PLATF 0.21000F 00 2
185 8% 96 87 PLATE 0.31000E Q0 2
187 37 96 97 PLATE 0.31000F 00 2
183 96 104 97 PLATE 0.31000€ 00 2
183 87 97 23 PLATE 0.31000€ 00 2
190 a8 57 105 PLATE 0.31000E 00 2
191 g7 104 105 PLATE 0.31000F 00 2
192 an 105 59 PLATE 0.31000F 00 2
193 " RY 105 106 PLATE 0.31000E 00 . 2
194 89 106 990 PLATF 0.31000E 0O 2
195 a9 106 107 PLATE _0.31000€_00 2
196 Ch) 107 0 BAR 0.32200F 01 1
197 99 108 0 BAR 0.32200F 0Ol 1
199 93 10R 109 PLATE 0.31000F 00 2
199 93 1039 a9 PLATE 0.31C00E 00 2
200 99 199 110 PLATE 0.31000E 00 2
201 99 11¢ 109 BLATE 0.31C00F 20 2
202 100 110 It PLATE 0.31000F w0 2
203 100 11 101 PLATE 0.31000€ 00 2
204 131 111 112 PLATE 0.31000E_00 2
205 191 117 192 PLATE 0.21000F 00O 2
206 10?2 112 113 PLATE 0.31000F 00 2
207 102 113 103 PLATE 3.31000F 00 2
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208 1n4 114 105 PLATE 0.31009¢ 00 2
209 105 114 115 PLATE 0.31000F 0O 2
210 105 115 106 PLATE 0.21000t 00 e 2
211 106 1% 115 PLATE 0.310008 00 7 2
212 106 118 107 PLATE 0.31000% 00 2
213 R § 1 1t ___PLATE . 0.31000F 00 2
214 107 117 par” T T0.32200F 01T 1
215 109 118 0 BAPR 0.32200F 01 1
216 . 108 113 119 PLATE 0.31000F QO 2
217 1na 119 109 PLATE  0.31000F qQo 2
213 101 119 120 PLATE 0.31000F 20 2
212 1399 120 110 PLATE 0.31000C 00 - 2
220 110 120 121 PLATE 0.31000F G0 2
221 119 121 111 PLATE 0.31000F 00 2
222 i1l 121 122 PLATE 0.31000F 00 2
223 111 122 112 PLATE 0.31000E 0 2
224 112 122 123 PLATE 0.31000F Q0 2
225 112 123 113 PLATE 0.3L00DE 09 2
226 114 124 115 PLATE - 0.3L000E 00 2
227 115 124 - 125 PLATE 0.31000E Q0 2
228 115 125 116 PLATE 0.31000F 30 2

{ 229 1te 125 125 PUATE 0.31009F 00 2

i 230 115 126 117 PLATE 0.31000E Q0 2

! 231 117 126 127 PLATE 0.31000€ 00 2
232 117 127 0 BAR 0.32200F 01 i
233 119 128 0 RAR 0.32200EF Q1 1
234 118 128 129 DLATE 0.31003F 00 2

i 235 118 129 119 PLATF 0.%1000E 00 2

! 235 119 129 110 PLATE 0.31000E 00 2

{ 237 119 130 123 PLATE 0.3!000F 90 2
233 120 130 131 PLATE 0.3L000E Q0 2
233 120 131 121 PLATE 0.31000E 040 2
240 121 131 132 PLATE 0.31000EF 00 2
241 121 132 122 FLATE 0.31000¢€ 00 2
242 122 132 133 PLATE 0.31000E 00 2
243 122 133 123 PLATE 0.31000F 00 2
24h 124 134 125 PLATE 3. 31000 00 2
245 125 134 135 PLATE 0.31300F 00 ?
246 125 1395 126 PLATE 0.31000F Q0 2
Y 178 13% i34 FLATF 0.31000F §0 ?
248 126 136 127 PLATF 0.31000€ 00 2

; 249 127 136 137 SLATF 0.310008 00 2
253 127 197 ) BAE 0.322008 071 1
251 128 138 0 HAR 0.32200€ 01 1
252 i12a 138 139 PLATFE 0.21000F 00 2
253 128" L] 29 PLATE O ITO00E 00 ?
254 129 13% 140 PLATE 0.31000E 90 2
255 129 140 130 PLATF 0.21000E QO 2
2545 130 140 V4T PUATE TOLILONDETVOT 2
2517 130 141 131 PLATE 0.21000F Q0 2
259 131 141 a2 PLATE 0.31000F 00 -
254 131 %z 117 FLATE T 31000700 2
269 132 142 143 PLATE 0.21000F 90 2
7261 122 143 133 PLATE 0.31000F 00 2
262 134 T4% 13% TPEATET TV I000r 00" 2
263 135 144 145 PLATE 0.31000F 00 2
264 135 145 136 PLATF 0.31000F 00 3
755 13¢ 145 144 TUURLATE T TTTTTTTTTOLIL00QF 00T T T 2
266 1306 146 137 PLATE 0.3L000F 30 2
267 137 146 147 PLATE 0.31000F Q0 2
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}
¥ 264 137 147 0 BAR 0.227200F 01 1
269 128 148 0 BAR 0.32200F 01 1
ok 211 139 148 1139 PLATE 0L, 310000 00 _ . P
4 271 139 148 149 PLATE 0.31000F 00 2
L 272 129 149 140 PLATE 0.31000F 00 2
! _213 140 149 . 150 W PLATE____ 0.310000.00 .2
214 140 150 1%1 PLATF 0.3L000F 00 2
g 275 141 150 151 PLATE 0.31000% 00 2
276 141 151 142 PLATE 0.31000F 00 ... .2
J 217 142 151 152 PLATE 0.31000F 00 2
273 L4z 152 143 PLATE 0.31C00F 00 2
L 219 143 152 153 PLATE 0.31000f 00 ___ 2
280 144 154 155 PLATE 0.31000F 00 2
231 144 155 145 PLATE 0.31300€ 00 2
S 282 145 155 156 PLATE 0.310006 00 2.
243 145 156 146 PLATE 0.31000¢ 00 2
294 l46 156 157 PLATE 0.31000E 0O 2
285 146 157 147 PLATE 0.31000F 00~ 2.
236 147 157 0 BAR 0.32200F 01 1
287 148 158 0 BAR Q.32200€ n1 1
. 289 143 158 149 PLATE 0.31000F 00 2.
273 149 153 159 PLATE 0.31000F 00 2
299 149 159 150 PLATE 0.31000C 00 2
291 150 159 160 PLATYE 0.31000E 00 2
292 150 169 151 PLATE C.31000F QO ?
293 151 160 161 PLATE 0.31000E 00 2
294 151 161 152 PLATE 0.31000E 09 2
295 152 161 162 PLATE 0.31000% 00 2
294 152 162 153 PLATE 0.31030E 00 2
| 297 153 162 163 PLATE 0.31000E 040 -
298 154 164 165 PLATE C.31000E QO 2
299 154 165% 155 PLATE 0.31000F 20 2
309 155 165 166 PLAYE 0.31000F 00 2
301 155 166 156 PLATE 0.3L0008 00 2
302 156 166 167 PLATE 0.31000F 00 2
393 156 167 157 PLATF 0.31000F 00 2
304 157 167 0 BAR D.322200F 01 1
305 152 168 0 BAR 0.32200€ Q1 1
308 159 168 159 PLATF 0.31000E 00 2
307 159 168 169 PLATE 0.31000F 00 2
303 159 169 160 PLATE 0.3L000E 0D 2
N9 1690 169 170 PLATE 0.310COF_00 2
310 160 170 161 PLATE 0.3100CF 00 2
311 161 170 171 PLATE 0.31000F 0O 2
312 1461 171 162 PLATE 0.21000F 00 2
313 162 171 172 PLATE 0.21000F ¢a 2
114 162 172 163 PLATE 0.21000F 00 2
315 163 172 173 PLATE 0.31000F 00 2
316 16% 74 175 PLATE U.310uvor 00 2
17 164 175 165 PLATE 0.31000% 00 2
319 165 175 176 PLATE 0.31000€ 00 2
”‘ 319 145 176 164 BUATE 0.3V 000F 00 2
320 166 176 177 PLATE 0.21000F 00 2
121 166 177 167 PLATF 0.31000€ 00 2
327 167 177 0 BAR 0. 32230 01 1
323 163 178 0 BAR 0.32200F 01 1
324 158 17A 1569 PLATE 0.31000F 00 2
r‘ 375 169 178 179 PLATE D.31000F 00 2
136 169 179 170 PLATE 0.31000E 00 2
3127 170 179 180N PLATE 0.31000¢ 00 2
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328 170 140 171 PLATE 0.31000F 00 2
329 171 180 181 PLATE 0.31000F 0O 2
- 339 171 it 12 PLATE 0.31000F 30 2
r 331 172 1n) PR T T R ATET T TTTTT0. 310008 00 2
332 172 192 173 PLATE 0.3100G€ 90 2
333 13 132 183 __ PLATE_ 0.21000F 00 2
334 174 194 185 T REATET T g, 31000F 00 o 2
335 174 135 175 PLATE 0.31000F 00 2
334 175 185 136 . PLATE 0.31030F 00 >
337 175 i9s 174 PLATE 0.310UDE 00 2
334 174 184 187 PLATE 0.31000F 00 2
139 176 187 177 PLATE 0.,31000F 00 2
349 177 N ) TTRART T T T 0.32200E 701 1
341 178 195 0 AAR 0.22200F 01 1
342 173 195 179 PLATE 0.21000F 00 2
343 179 195 196 PLATE 0.31000F 00 2
344 179 198 180 OLATE 0.31000F 00 2
24h 182 196 191 PLATE 0.31C00F 0D 2 .
346 130 197 181 PLATE 0.31000% 00 2
347 181 197 198 . PLATE 0.31000F 00 2
3148 181 198 182 PLATE 0.31000F 00 2
[ 349 182 78 199 PLATE : 0. 31060 00 z
3151 182 i34 183 PLATE 0.31000F 00 2
351 182 199 188 PLATE 0.31000F Q0 ?
352 189 199 200 PUATE 0.31000E §0 P
353 188 200 139 PLATE 0.31000F 00 2
3154 183 183 149 PLATE 0.31000F 00 2
155 139 Z30 20T PLATE 0. 3TOY0ETT0 7
354 179 201 190 PLATE 0.31000E 00 2
357 199 201 202 PLATE 0.31000F 09 2
7358 1907 707 191 PLATE U.3L000E 00 2
159 191 202 203 PLATE 0.31000F 00 2
360 191 203 204 PLATE 0.31000F 00 2
T61 191 20% 197 6URTE 0. 3L000E 0D z
362 192 204 209 : PLATE 0.31000F 00 2
363 192 . 235 193 PLATE 0.31000F QU 2
164 193 905 7086 PLATE . 31000E 00 .
345 193 206 194 ) PLATE 0.31000E 00 2
366 184 192 194 PLATE 0.31000F 00 2
3D R4 194 18% PLATE 0.310007007 2
367 18% 194 707 _ PLATE 0.31000F 00 2
359 19% 206 207 ) PLATE 0.31000E 00 2
379 165 707 208 PLATE 0. 3T000ET00 2
371 185 208 1964 PLATE 0.31000E GO 2
372 186 208 209 PLATE 0.31000F 00 2
373 ) 709 ray ) PLATE 0, 310007 00 i
174 187 209 0 BAR 0.32290F 01 1
! 275 195 210 a TAR 0.32200F 01 1
ENES 155 210 196 PUATE TOL3LAd0RTS0 2
377 195 219 211 PLATE 0.31000E 00 2
373 196 211 197 PLATF 0.31000F QO 2
379 197 211 212 PLCATE DL 3L000ETO0 2
399 197 212 rLon: PLATE 0.31000F 00 2
3R1 i98 212 213 PLATF +31000F Q0 2
IR 193 213 199 PLATE 0. 310U0s" 0a 2
393 199 2113 214 PLATE . 0.31000F 00 2
384 199 214 200 PLATE 0.31000€ 00 Z
365 200 214 215 . PUATE 0. 31000F 00 2
384 200 215 291 : PLATE 0.31000F 00 2
2

87 701 215 202 PLATE 0.31000E 00
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[ 3
; 3188 202 215 2l6 PLATE 0.31000F 0D 2
By 202 215 201 PLATE 0.31000F 00 2
anan 207 214 217 PLATF_ D BLDGOE D e s s
a9 203 211 218 PLATE 0.31000F 00 2
392 203 213 204 PLATE 0.31000F 90 2
L 393 ___204 218 219 o PLATE______ 0.31900F 00 o2
394 204 217 209 PLATE 0.31000F 00 2
195 205 219 206 PLATE D.31000F 00 2
396 2056 219 2239 PLATE 0. ALOD0E 00 e vevmem B
391 206 224 2071 PLATE 0.31000E 00 2
193 207 220 221 PLATE . (.31000F 00 2
399 207 221 239 PLATE ____  D.3lDOOE NO__ .. .2_
400 208 221 222 PLATE 0.31000E 00 2
401 708 222 209 PLATE 0.31000E 00 2
402 207 222 0 RAR 0.32200C 01 1.
[ 493 210 223 0 BAR 0.32200F 01 1
404 2190 223 211 PLATE 0.3100CE 00 2
405 211 223 224 PLATE 0.31000F Q0 2
405 211 224 212 PLATE 0.31000F 00 2
407 212 224 225 PLATE 0.31000F 00 2
4013 212 225 213 PLATE 0.3L000FE 00 2
409 213 225 226 PLATE "0,31000F 00 2
410 213 226 214 PLATE 0.31000E 00 2
411 21n 226 227 PLATE 0.21000F 00 2
412 214 221 215 PLATE 0.31000F 00 2
413 215 227 228 PLATE 0.31000F 00 2
414 215 228 216 PLATE 0.31000F DO 2
f’ 415 216 228 229 PLATE 0.310008 00 2
: 415 216 229 217 PLATE 0D.321000E 00 2
417 217 225 230 PLATE 0.31000E 00 2
418 217 230 231 PLATE D,2100QE 0O 2
419 217 231 218 PLATE 0,31000E GO 2
420 218 231 232 PLATE 0.31000F 00 2
; 421 218 232 219 PLATE 0.31000F Q0O 2
i 422 219 232 233 PLATE 0.31200E 00 -2
: 423 219 233 220 PLATE 0.31020F 00 2
424 220 233 234 PLATE C.31000E 00 2
475 220 234 221 PLATE 0.31Q000F 00 2
426 221 234 235 PLATE 0.31000F Q0 2
’ 427 221 235 227 PLATE 0.310C0E 0Q 2
! 428 222 235 0 BAR 0.32200F 01 1
429 223 234 .0 BAR 0.32200E 0 1
439 223 236 224 PLATE 0.31000F 00 2
431 224 236 237 PLATE 0.31000F 00 2
437 224 AT 225 PLATE 0.31000F 00 2
433 225 231 238 PLATE 0.310008 00 2
434 225 235 226 PLATE 0.31000F 20 2
415 226 233 239 PLATE 0,31000E 00 2 .
436 2206 239 221 PLATE J.3100GE 00 2
437 227 . 239 228 PLATE 0.31000E 00 2
433 228 2319 240 PLATE 0.31000F 00 2
431 228 240 229 PLATE 0.731000E 00 2
47 229 240 230 PLATE 0.31000F 00 2
a4l 230 240 261 PLATE 0.31000F DO e
447 230 241 242 PLATE 0.31000F 00 2
46473 230 242 231 PLATE 0.31000F 00 2
44h 231 242 237 PLATE 0,31200F 00 2.
445 232 242 243 PLATE 0.31000F 0O 2
44hA 23?2 243 233 PLATE U.31000F 00 2
. 447 233 243 244 PLATE 0.31000F 0O 2
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448 244 234 PLATE 0.31000F 00 2
449 234 244 245 PLATE 0.31000E 00 2
4%51) 234 245 235 PLATE D.3L003F 00 ?
s 451 235 245 0 RAP 0.32200F 01 1
g 452 236 246 0 RAR 0.32200F 01 1
] 451 236 246 237 PLATE _ 0.,31000f 00 2
' 454 2137 2406 247 PLATE 0.31000E 00 2
455 237 247 23a PLATF 0.31000F Q0 2
j 456 238 2417 239 PLATE 0.321000F 00 ) 2
I 457 239 2417 2483 PLATE 0.3100CF 00~ 2
J 453 239 248 240 PLATE 0.31000F 00 2
; 459 240 24h8 249 PLATE 0,.31000€ 00 2
; 460 249 249 241 PLATE 0.31000E 00 2
461 241 249 250 PLATE 0.21000F 00 2
462 241 259 251 _PLATE 0.31000E 20 2
i 463 241 251 242 PLATE 0.31000C 00 2
: 464 242 251 252 PLATE 0.31000F 00 2
l 465 242 252 243 PLATE 0:31000F_00 2
‘ 466 243 252 244 PLATE “0.31000E 00 2
467 244 252 253 PLATE 0.31000F 00 2
468 244 253 245 PLATE 0.3L000CF GO 2
4h3 245 253 0 BAR 0.32200F 01 i
470 246 254 0 BAR 0.32200€ 01 1
471 246 254 247 PLATE 0.31000F 00 2
472 247 254 255 PLATE 0.31000F 00 2
473 247 255 248 PLATE 0.31000E 00 2
474 248 255 256 PLATE 0.31000E 00 2
415 243 256 249 PLATE J.31000E @0 2
476 249 256 257 PLATE 0.31000F GO 2
i 477 249 251 250 PLATF 0.31000F 00 2
473 250 257 251 PLATE 0.21000E 00 2
479 251 257 258 PLATE 0.31000F 00 2
490 251 758 252 PLATE 0.31000F GO 2
487 252 258 259 PLATE 0.3L000F 50 2
42 252 259 252 PLATE 0.210008 DO 2
433 253 259 0 RAR 0.32200E 01 1
4 8% 254 260 0 BAR 0.37200€ 01 1
485 254 260 255 PLATE 0.31000F 0O 2
485 255 260 261 PLATE 0.31000E 00 2
487 255 261 254 PLATE 0.31000E 00 pl
4R8 256 261 262 PLATE 0.21000F QO 2
419 756 262 257 PLATE 0.31000€ Q0 2
450 257 267 263 PLATE OUAT000F 00 2
401 257 263 258 PLATE 0. 310008 00 2
492 258 263 264 PLATE 0.3100QF 00 2
FAKS FEL:S 25% 259 PTATF UTINT0DOE 00 2"
494 259 264 0 BAR 0.32200F 01} 1
495 260 265 0 BAZ 0.32200F 01 1
AN 700 765 2671 TPEATE T T 03LC00E 00 2"
497 251 265 266 PLATE 0.31000F QO 2
403 261 266 262 PLATF 0.,31000F 00 - 2
499 v 265 267 PLATE 0-3Y000F 00 2"
500 ° 262 267 2458 PLATE 0.31000F 0O 2
501 262 268 263 PLATE 0.31000F 00 __ 2
597 2673 260 769 PUAYE ™ 7T TTT0L3L000ET00 2
503 263 269 264 PLATE 0.31000E 00 2
504 2h4 769 0 BAR D.27200F 01 1
PBES 7Ry 270 o T RAR™ T IA2200F 701 = 1
506 205 270 266 PLATE . 210008 00 2
BT 266 270 271 PLATE 0,31000E 00 2
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. 508 266A 271 267 PLATF 0.31000E 00 2
; 509 2n7 271 268 PLATE 0.31000F 00 2
i __510 263 271 212 PLATFE 0.31000€_00_ ... _.2.
1 511 259 272 259 PLATE 0.31000€ 00 2
g 512 2¢9 212 0 BAR 0.,32200F 01 1
% 513 27C_ 213 0 U BAR 0.54%806 01 .1,
i 514 270 273 271 PLATE 0.31000E 00 2
5 515 271 2713 274 PLATE 0.31000¢ 00 2
i 515 271 214 215 PLATF _ 0.310N0F_00 r
Tﬁ 517 271 275 272 PLATE 0.310005 00 2
‘ 518 272 275 0 BAR 0.56530F 01 1.
g 519 273 275 0_ BAR 0.56580£_01 1.
3 520 273 276 274 PLATE 0.31000F 00 2
521 274 276 277 PLATE 0.31000E 00 .2
522 214 217 278 PIAYE _ 0.31000F_00 2.
523 274 278 215 PLATE 0.31000E 00 2
524 275 2178 o BAR 0.56530F 01 1
525 216 219 Q RAR 0.56580E_01 1
526 276 279 271 PLATE 0.31000E 00 2
527 217 279 280 PLATE 0.31C000F 00 2
523 2717 2390 231 PILATE 0.31000F 00 2
529 277 231 278 PLATE 0.21000C 00 2
530 278 281 0 BAR 0.5565808 01 1
531 279 2382 0 BAR 0.56580F 01 1
532 279 282 280 PLATE 3.31200E 00 z
533 280 282 233 PLATE 0.31000F 00 2
534 280 237 284 PLATE 0.21000F 00 2
535 290 284 281 DLATE 0.31000F Q0 2
534 281 234 0 BAR 0.565080F 01 1
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ABSTRACT

In some instances it has been desirable to permit the
passage of utility components through the webs of wide flange
beams. Since web holes do not always lie on the centerline of
fhe beam, it becomes necessary to be able to analyzé a beam
with an eccentric hole. The Vierendeel Analysis provides a
way of analyzing the stresses in a beam with an eccentric hole,
provided that’the shear force above and below the opening is
known.

This investigation uses a finite element computer program
to determine the shear force above and below the hole. Several
" parameters were investigated while determining the shear force
distribution, the moment to shear ratio was varied from 0 in.
to 80 in. by 40 in. increments, the eccentricity of the hole
was varied from 1 in. to 3 in. by 1 in. increments, and rein-
forcement was added to determine the effect on the shear force
with and without reinforcement.

In general, the moment to shear ratio was not found to
cause a significant change in the shear force distribution.
Changes in the ecc@ntricity and the addition of the reinforce-
ment seemed to cause the most substantial effects.

Several other methods of calculating the shear force_dis—
tribution were compared with the results of this investigation,
and none of these methods compared gave‘results which were

entirely consistent with the finite element results.



