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INTRODUCTION

Problem Statement and Scope

The objective of this thesis is to present an ultimate strength
analysis of composite beams with web openings. A composite beam is
defined as a steel W shape acting together with a concrete slab to
resist transverse loads. An opening located in the web of the steel
section is usually introduced to permit the passage of utility ducts
and piping. Figures 1 and 2 show elevation and cross section views of
a composite beam with a web opening.

The analysis is limited in scope by the physical characteristics
of the beam, and the type of failure assumed at the opening. The slab
thickness is limited to the range of values normally encountered in
practice, and the slab width is taken to be the effective width, which
is determined in the usual manner (11). A sufficient number of shear
connectors are assumed to be present so that full composite action is
attained. The opening is limited to a rectangular shape, which can be
located anywhere on the span, and can be concentric (mid-depth of opening
coincides with mid-depth of steel shape) or eccentric. Only uanreinforced
openings are considered. Failure is limited to yielding only, i.e.,

buckling and instability failures are not considered.

Review of Previous Ultimate Strength Analyses

In the past decade a number of investigators have developed ultimate
strength analyses of non-composite beams with rectangular web openings.
All of these analyses lead to the development of an interaction diagram
which shows the relationship between moment and shear acting at an

opening at failure. Several basic assumptions are common to these



analyses. A failure mechanism is assumed to form with plastic hinges
located at the sections above and below each edge of the opening.
Failure due to instability is not considered. Equilibrium conditioms
are satisfied. Yielding occurs in the flanges due to tension or
compression, and yielding in the web due to combined shear and normal
stresses follows von Mises yield criterion (10). The presence of shear
causes secondary moments in the top and bottom sections. None of the
analyses take into consideration the beneficial effect of strain
hardening.

The first analysis, which was concerned with concentric openings
with no reinforcement, was developed by Bower (1). The possibility of
the web and flanges having different yield stresses was provided for
in this analysis. The shear force was applied only to that portion of
the web which was also assigned the secondary moment. Later, in dealing
with the same case, Redwood chose to have the same yield stress through-
out the section, and also assigned the shear force uniformly along the
total depth of the remaining web (7). Redwood's revisions were incor-
porated ﬁto subsequent analyses of concentric reinforced openings by
lCongdon and Redwood (2), eccentric unreinforced openings by both Frost (4)
and Richard (8), and the most general case of eccentric reinforced open-
ings by Wang (12).

New insight for the analysis of beams with web openings was presented
in a report by McCormick (6). By the use of two new concepts, McCormick
developed a much simpler analysis than any of those previously presented.
One of these concepts is to assign a moment due to eccentricity, Me’ in
the larger tee section to represent the stresses in that section. As in

previous analyses, the shear force was assigned to the full web stub



length, but in applying von Mises criterion the web thickness was
reduced according to the value of shear present, so that the effect
of the shear stress can be ignored throughout the remainder of the
calculations. Because of these new concepts--introduction of Me and
reduction of the web thickness for shear--axial forces and moments,
instead of stress blocks, were used in a statical method for a lower
bound approach which leads to a simpler analysis.

A comparison between Redwood's and McCormick's analyses was made
by Scritchfield, who concluded that "McCormick's method of analysis
was found to be better suited for extension to the eccentric case" (9).
Seritchfield applied McCormick's method to the case of eccentric un-
reinforced web openings by the use of a computer program, which when
compared with earlier programs using Redwood's method, gave the same
results. It was also proved that the points of contraflexure are at
the center of the opening.

The only material reviewed pertaining to ultimate strength analysis
of composite beams with web openings was that found in McCormick's
report (6). In the report, McCormick performs an analysis of a specific
composite beam with known dimensions and material properties, having
two ecircular web openings with varying types of reinforcement. The.
assignment of internal forces is carried out in a manner similar to that
used for non-composite beams. The concrete slab is assumed to carry
no shear. An equivalent rectangular opening having a depth of 0.9D and
a width of 0.45D, where D is the diameter of the circular opening, is
assumed for the failure mode consisting of a four hinge mechanism at
one opening. McCormick also assumes a constant distance between the
axial forces in the top and bottom tees instead of determining this

distance from beam properties for each value of total shear force.



The analysis presented in this thesis has many assumptions in
common with McCormick's analysis, but is developed for general beam
geometry and material properties, and for a single rectangular opeming

of any practical depth, width, and positiom.



ULTIMATE STRENGTH ANALYSIS
Assumptions
The ultimate strength analysis is based on the following assumptions:

1. The compressive strength of the concrete in bending is assumed to
be 0.85 f": and the Whitney stress block is used.

2. The tensile strength of the concrete is neglected; therefore
yielding in the concrete is by compression only.

3. Yielding in the steel flanges is by compression or tension only.
4. Shear, which causes secondary bending in the sections above and
below the opening, is carried in the web only, and is uniformly

distributed. .

5. Yielding in the web of the steel section due to combined shear
and normal stresses follows von Mises yield criterion.

6. Equilibrium is satisfied.

7. Points of contraflexure occur at the midpoints of the sections
above and below the opening.

8. Failure occurs by the formation of a mechanism with hinges
at sections above and below the edges of the opening. (Fig. 3).

9. The possibility of failure due to instability and the beneficial
effects of strain hardening are not considered.

Outline of Solution

The solution is divided into two parts, designated Case I and Case
II. Case I is called the low shear case, during which all of the total
shear force, V, assigned to the beam is carried by the top tee, i.e., the
shear in the top tee, Vr, equals the total shear V. Because no shear
force is assigned to the bottom tee in Case I, the capacity of the bottom
tee is used solely for the axial force Pp, which, when combined with an
equal force in the slab, gives the primary moment, PBdc'

A special situation to consider at the outset of Case I is that of
pure bending, i.e. V = 0, (Fig. 4a). The total capacity of the top tee

is assigned to the axial force PT, which, when combined with an equal



force in the slab, results in the moment due to eccentricity, Me = PTde‘
The moment capacity at the centerline of the opening is the sum of the
primary moment, PBdc’ and Me'

When the shear force in Case I is non-zero, the web thickness, tw’
of the top tee is reduced to o according to von Mises yield criterion,
so that all the fibers in the reduced steel section will be at the yield
stress. A secondary moment due to shear, MVT = V,ra is induced in the top
tee (Fig. 4b). This causes a reduction in PT and likewise in Me' The
total moment capacity at the centerline of the opening is still the sum
of the primary moment, PBdc’ and Ma' The upper limit of Case I is reached
when the total top tee is yielded due to VT and MVT’ so that ME is equal
to zero.

Case II (Fig. 4c) is called the high shear case during which part of
the total shear goes to the top tee and the rest goes to the bottom tee.
The amount of the total shear assigned to the top tee is governed by the
capacity of the top tee section for VT and MVT = VTa. The amount of shear
remaining when this capacity is reached is the shear assigned to the bottom
tee, VB' With shear present, the web thickness of the bottom tee is reduced
to Vgs and a secondary moment due to shear, HVB = VBa, is induced. The
axial force PB is assigned to that portion of the bottom tee not used for
VB or HVB‘ The force PB’ along with an equal force in the concrete slab,
gives the primary moment, which is the total moment capacity at the center-

line of the opening, because ME is zero throughout Case II.

Development of Basic Equations

Reference Values. At the outset, a number of reference values are
defined. The length of the web stubs above and below the opening are

(Fig. 2)



sy = % d-e-h-t (€3]

sy = % dfe-bet @

The shear capacities of the top and bottom web stubs by definition are
_ sTth &
T
spt F.
vy e B®Y 4)
B
From Fig. 5a, the shear capacity of the web without the opening (the
gross web area) is
(@-2t)t F
v, = —_— (5)
3
The total plastic moment of the gross composite section, MPc’ is the
final reference value required. Two expressions for MPc are possible
depending on the location of the plastic neutral axis, NAP of the gross
composite section. To determine where this neutral axis is, a comparison

is made between the total axial force capacity of the concrete slab

pyc = b cF, (6)

and the total axial force capacity of the gross steel section

Pys = (tw(d-Zc) + th)Fy [¢))

1f Pyc is greater than Pys’ then the NAP is in the concrete slab as
shown in Fig. 5a. The thickness of concrete used to give a force in the

concrete slab equal to that of the steel section is given by

o ®

ce
This is the thickness of the concrete above the NA.P; the concrete below

the NAP is disregarded or "thrown away" because it is in tension. The



value of the total plastic moment is found by summing the moments about
the NAP resulting in
2
MI’c = (%bccl’s )Fc + G te- c1‘5>Pys )
1f Pyc is less than Pys’ the NA.P is in the top steel flange as in
Fig. 5b. To find its location, a thickness tt is assigned to the portion
of the flange which is in tension below the NAP By setting the forces

above and below the NAP equal to each other, the value of t:t is

bchc S tw(d—Zt)F

€, = 53 (10)
¥

Now by summing moments about the NA‘P’ the total plastic moment is

Mpo = beeCie +t - £)F + [t (d-20)Cd - £+ t)

+ et + e 4 beca - 354 t)IF, avn
Low Shear Solution. The following discussion of the analysis is
divided into two major parts: Case I being the low shear case and Case II
being the high shear case. In Case I, the total shear force is applied
to the top tee, i.e. VT = V. In assigning this shear force to the web,
a portion of the web thickness is removed due to yielding in shear and

with the use of von Mises yield criterion, the remaining web thickness used

to carry normal stresses is

(12)

’I‘thy
When V'.l‘ is equal to zero the special case of pure bending occurs. In this
case, the secondary moment due to shear, MVT’ is equal to zero and Wiy
equals tw.

Because no shear is applied to the bottom steel tee, it provides a
constant axial tensile force, PB’ throughout the low shear case (Fig. 6)

Py = {5y + BOT, (13)



Force PB has a corresponding compressive force in the concrete slab. The
thickness of the concrete slab required for PB is assigned starting from

the top of the slab and is determined by

(14)

The forces in the bottom tee and concrete slab combine to give the primary
moment. To find this moment, the distance between the centroids of the
two forces must be found. From Fig. 6, the distance from the top edge of
the opening to the line of action of the force in the concrete slab is
Vo= sptttoe- o, (15)
while the distance from the bottom edge of the opening to the line of

action of the force in the bottom tee is

2
%:wsn +be(sy + 5t)

Yp = T s, ¥ bt 16
W B

The lever arm of these forces is

dc =7 + 2h + 2% (17)

thus the primary moment is defined as the product, PBdc.

There are two cases to consider in the low shear analysis of the top
steel tee ~ concrete slab section shown in Fig. 7 after the portion of
the slab due to the primary moment is removed. These are Case IA in
which all the remaining slab in Fig. 7 is used and Case IB in which only
part of the slab is used. The location of the NA.P in the flange or the
slab of the section in Fig. 7 determines at the outset which case applies.
To determine this location, the axial force capacities of the slab with
thickness

€ = ¢~ Cpy (18)




10

and the steel tee are required. They are respectively, (Fig. 7)

P (19)

yer bcchc

Pop = (spvgp + bOF, (20)
If Pycr is less than PyT’ then the NAP is in the flange. Referring

to Fig, 8, the distance to the NAP in the flange is found by setting the

forces above and below equal to each other resulting in

S, W, b.cF
TT cre
v = sp t - 27, 3

Now the total moment capacity of this section by summing the moments about
the NAP is

Mcap r b(:Cr(ST troyH %cr)Fc * [sTwT(y - %ST)

+ 3y - sp” sy + ¢ - DYIE 22)

When a non-zero shear is imposed, a certain portion of the top steel

tee is assigned a moment due to shear

Myq = Voa . (23)
This shear moment is assigned to the extreme top and bottom edges of

the steel tee moving inward and is restricted by the location of the NA?

shown in Fig. 9. The portion of the flange above the NAP is
tymsptt-y (24)

and a depth of web

bty
-y

B (25)

is found such that the area of the flange above the NAP is equal to the

area of the web corresponding to the depth Sy- 1f sy is less than s as

T
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shown in Fig. 9a, then the distance between the centroids of the two
forces is sptt- %tv - %sv, and the maximum M. allowed is the force
times its lever arm
Moy = btylsg + ¢ = ko, - %sV)Fy (26)
When sy is greater than s; (Fig. 9b), the bottom portion of My goes

into the flange a thickness

~8p¥p + btv
et TR &

Summing moments about the NA'P gives

2
Myax = [sTwT(y - %s,r) + %bcv + br_vw(t - %tvw - l:v)]Fy (28)
In both cases (sv greater than or less than ST)’ if MVT is less than

MVmax’ then the moment due to eccentricity is

Me - MCSP - MVT 29

and the total moment capacity of the beam with the web opening is

Mo=Pd o+ M (30)
When MVT is greater than MVmax’ part of the slab is "thrown away" and
Case IB is encountered.

Case IB with the NAP in the slab also occurs when Pycr is greater
than PyT (Fig. 7). This second major breakdown of the low shear case
has two further divisions - if sv (as described previously) is less than
or greater than Spe
When sy is less than sy as in Fig. 10a, knowing that the areas in

the web and flange must be equal, the thickness of the flange used for

Myp 1s

o 2l (31
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Using the force and lever arm, HVT becomes
MVT = sva(sT +t - %tv - 3§sv)Fy (32)
but is also equal to VTa. Setting these two equations equal and substi-

tuting for ty gives

VTa
WTF)'

YT, 2
G+ E)SV - (sT + t)sv + =0 (33)

This quadratic equation can be solved for sy» after which tv can be

determined from Eq. 31. Now the remaining portions of the web

sp = sp = Sy (34)
and the flange

tp =t -ty (35)
are used to find the axial tensile force component of Me which is

By = (spup + btP)Fy (36)

An equal force is assigned in the slab starting down at the point where

Cpy Stops until the thickness as given by
P,
T
et ¥ N
cc

is reached. Summing the moments of these two forces about the NA'P (which

is at the bottom of the slab being used) gives
M=!;bc2F + [sgw.c_ - en + t + %s)
e ¢ PT "¢ P'T " r PT P

+btple, = epp +ty + %tP)]Fy (38)

When Sy is greater than Sp» the bottom portion of MVT goes into
the bottom of the flange as in Fig. 10b. The thickness of flange above
line XX on the top tee steel section now becomes by setting the forces

above and below line XX equal
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57

o
bt (39)

t, =
Summing moments about the line XX gives
2
Mor = [squig(t =ty + %sp) + %be,” + bty (t - t, - %tvw)]Fy (40)

Equating Eqs. 23 and 40 and substituting for tv results in

2
2 S
bth + (sTwT - bl:)l:vw - sTwT(t + %sT) + Ty + % = 0 (41

which can be solved for . Knowin; 5 is found by Eq. 39 and the
ti 3 ti t:V

thickness of the flange assigned for the axial force, PT’ is

tp =ty -t (42)
The magnitude of the axial force is

P’l‘ = bcPFy (43)
and the corresponding force equal to it in the slab has thickness Cpp

as determined by Eq. 37. The moment due to eccentricity is found by sum-
ming the moments about the NA.P which gives

M, = eppPy + (e - epp + by + Xy (&)
In both cases when the slab is not completely used, the total plastic moment
capacity is given by Eq. 30.

High Shear Solution. The second major case, Case II, is called high
shear, in which part of the total shear goes to the bottom tee and all
the top tee capacity is utilized to resist VT and MV‘L' Because the
capacity of the top tee is used entirely for VT and MVT' Me is zero
throughout Case II. To find the capacity for VT and MVT of the top tee,
a trial and error method is applied using four equations. The first is
the expression for Wy as given by Eq. 12. The second equation, referring
to Fig. 11, gives the thickness of the flange below the NAP of the top

steel tee as
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-8 Wo T bt
T T
tx = 2b (43)
Equation 23 is the third equation required, and the last one is found by

summing moments about the NAP in Fig. 11

2 2
- ¥ - F
MVTl [STwT(tx + %ST) +¥pr "+ 3b(t tx) ] = (46)
i d and V,
Assuming a value of VT’ MVT and MVTl are calculated and compared an: T
is adjusted wuntil they are equal, giving the capacity of the top tee
for VT and MVT These values of VT and MVT are constant throughout the
high shear case. With the shear assigned to the top tee known, the
shear assigned to the bottom tee is
Vg =V -V, (47}

and the moment due to shear in the bottom tee is

MVB = VBa (48)

Because the bottom tee now has shear assigned to it, it has a reduced web

thickness

(49)

- 3¢
thwa

At this point, the treatment of the bottom tee is very similar to
that of the top tee in the low shear case where the NA.P of the top tee -
remaining concrete slab section was in the slab. The calculations are
the same for the bottom tee as the top tee in both cases (sv greater than
or less than ST) to the point where the portions of the tee used for
the axial force PB are found.

When Sy is less than Sps the axial force is (Fig. 12a)

PB = (stB + btP)Fy (50)

The corresponding axial force in the concrete is assigned to the slab
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starting at the top and having thickness Cpg 28 given by Eq. 14. The
distance, Vs from the top edge of the opening to the line of action of
the force PB iP the concrete is expressed by Eq. 15 and the distance from
the bottom edge of the opening to the centroid of the force PB in the
bottom steel tee is
%s 2 + bt (s, + %t.)
BTt GO
p¥p * Pty

The moment arm, dc’ of the forces is determined by Eq. 17, and is used to
find the total plastic moment, which is

M= Pud, (52)

because Me is zero.

In the other case of sy being greater than Sp» the axial force is
(Fig. 12b)

Py = bryF (53)

Again the same force in the concrete is assigned starting at the top of
the slab and having thickness Cpps which is calculated‘from Eq. 14. The
distance Ye to the line of action of the force PB in the concrete from the
top edge of the opening is given by Eq. 15, while the distance from the
bottom edge of the opening to the centroid of the forece PB in the bottom
steel tee is

+t. + it

Yp T Sp * tyy 69

P
The moment arm dc of the two forces is determined by Eq. 17, and the total

moment capacity as before is found using Eg. 52.

Calculation of Interaction Diagrams

This section presents the sequence of calculations used in developing



16

a shear-moment interaction diagram. A broad view of the entire sequence
with all cases will be presented first, with the details of each individ-
ual case considered later.

Figure 13 is the overall flow diagram of the procedure followed in
developing an interaction diagram. First, after input data is read,
reference values for a composite beam with known dimensions and material
properties are calculated. One limit set on the solution at the outset
is that the total axial force capacity of the bottom tee, PB, must be
less than the total axial force capacity of the concrete slab, Pyc' This
limit is used since a composite beam with the force PB greater than the
force Pyz: is an impractical case, and therefore not considered here.

If PB is less than Pyc’ the input and reference values are printed,
after which the total shear, V, (V = VT in Case I) is initialized to zero.
The value by which the total shear is incremented is 1.0 and is labeled
v . Llater, as the interaction diagram is developed, its slope becomes

inc

steeper, requiring a smaller increment of shear, i.e., V o= on 1.

in
At this point a program control, "check", is also set equal to zero.
When "check" is equal to zero, a further decision is needed before going

to Case IA or IB. When Case IB is used once, "check"

is set equal to one,
so that the solution process returns to Case IB.

The next decision deals with the total axial force capacities of the
top steel tee and the remaining concrete slab (thickness cr), which are
Py.l. and Pycr’ respectively. Details of this decision step were discussed
in the previous secti‘.on. After this decision, the solution continues to
either Case IA or Case IB, both of which are shown in more detail in
Figs. 14 and 15, respectively.

At the end of either case, the required output for the interaction

diagram is printed. The value of shear is incremented by Vinc and the
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new shear, V, is compared with the total allowable shear on the top web

stub, V I1f the value of shear is less than VyT’ then the process is

yT*
repeated in the appropriate case giving more coordinates for the inter-
action diagram. The solution is stopped if V is greater than VyT’ since
it is not applicable to failure in shear.

Case IA or Case IB will eventually give way to Case II. Figure 16
is a detailed flow chart of the solution process within Case II. At
the end of Case II, data for the interaction diagram is printed after

which the shear is increased by V , which is now 0.1. The value of the

inc
shear on the bottom tee, VB’ is now found and compared with the total

shear the bottom tee stub will allow, V

. If the shear force V, is less
vB B

than vyB’ then Case II 1is repeated. If V_ is greater than V__, this

B vB
solution is not applicable and the calculations cease. At the end, enough
coordinates will have been computed to plot the entire interaction diagram.

Figure 14 shows the steps involved within Case IA, all of which have
been discussed earlier except for the decision of whether Me is greater
than zero. Me must be greater than zero in Case IA by definition, and
if it is not Case II takes over. At the end of each cycle through Case
IA, the coordinates of the interaction diagram are computed.

Case IB (Fig. 15) is activated when ny is less than Pycr or MVmax
is less than MVT‘ The value of “check" is changed to equal 1.0 so that
the Case IA is by-passed through the remainder of the solution. The
terms Asv, st, CSV, and QsV deal with the quadratic equation for sy
(Eq. 33). AS.V, BsV’ and Csv are the coefficients, and QsV is the portion
under the square root of the quadratic. If st is less than zero, an
imaginary number results, so the solution is directed to solve for r'Vw
in a manner similar to that for Sy- 1f Qti results in an imaginary

number, the solution is switched to Case II. If either Sy Of ty. are



18

found, the remaining calculations are performed, and coordinates for the
interaction diagram are computed. Again, a check for Me is made in
Case IB similar to that in Case IA.

Case II (Fig. 16) occurs when Me is less than or equal to zero,
or when Qti is less than zero. At the beginning Me is set equal to
zero, the bottom shear to top shear ratio is set equal to zero and the

value of shear increment, V , 1s changed to 0.1 for reasons given

inc
earlier. With the given shear ratio, V,r and VB are found and the moments
MVT and MVTl are computed and compared. Adjustments are made to the
shear ratio until MVT and MVTl are equal, Then, as in Case IB, calcu-
lations and decisions are made concerning st and Qth. 1f Qti is less
than zero, the solution terminates. Again calculations are made if

values for s, or t v are found, and the last of the coordinates for the

v v

interaction diagram are determined.
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TYPICAL RESULTS ARD DISCUSSION

Interaction Diagrams

The computer solution which is shown in Appendix III follows the
flow diagrams discussed in the previous chapter, and results in a shear-
moment interaction diagram as in Fig. 17. This diagram is the predicted
failure envelope for a specific beam of known dimensions and material
properties. Shear and moment are non-dimensionalized by the total shear
capacity of the gross web section, VP’ and the total plastic moment
capacity of the gross section, M'Pc’ respectively. For any given set of
loading conditions and opening location, the theoretical failure load
can be determined.

As indicated in Fig. 17, two possibilities for the top portion of
the curve were investigated based on two different methods of distribut-
ing the moment due to shear in the top tee. For the bottom curve,
Distribution I, the moment due to shear was assigned at the top of the
tee section as shown in Fig. 18a. The interaction diagram from this
distribution had a rather sharp downward curve at the beginning. For
Distribution II (top curve) the moment due to shear was assigned at
opposite ends of the top steel tee (Fig. 18b), resulting in a higher
moment capacity initially, but ending with a slope discontinuity as the
two curves meet at the end of Case I. Because Distribution II gives
a higher moment capacity, and it is consistent with the distribution
assumed in the bottom tee, it was adopted for this analysis.

The slope discontinuity in the interaction diagram appears to be
related to the assignment of the moment due to shear in both steel tees.
In Case I the total moment capacity is composed of the primary moment,

which is constant, and the moment due to eccentricity, Me’ which varies.
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Because the primary moment is constant it will not bring about a change
in the rate of decrease of the total moment in the interaction diagram,
whereas Me will. The change in Me is brought about by several factors,
the first of which deals with web thickness. As shear is added in equal
increments, the change in web thickness should be at a constant rate
thus giving a constant rate of change in the interaction diagram, A
second factor is the change in the moment arm of Me. At the concrete
end, the arm would be increasing as less concrete is used for larger
shear loads, while the end in the steel will become shorter. The
concrete is not "thrown away" faster than the centroid in the steel
moves, so the moment arm for Me decreases at a slight rate as shear is
increased. Since the magnitude of ME gets smaller as its moment arm
gets smaller, no considerable change would occur in the slope of the
interaction diagram. The final factor deals with the rate at which area
of steel is used for MVT (ot MVB) as shear is added. At first, a small
portion of the top tee is required for MVT because of a large moment
arm, but as more shear is added, more area of steel is used in each
increment be‘cause of decreasing moment arm length (Fig. 19). This
would cause Me as well as the total moment to become smaller at an
increasing rate, giving an increased rate of change in the slope of
the interaction diagram. The slope reaches its steepest point at the
end of Case I, after which in Case II the bottom tee is_assigned MVB
in the same manner as the top tee, so the slope is fairly flat at first
but later gets very steep.

Figure 20 shows a comparison of the interaction diagrams for a
non-composite beam and a composite beam. Both curves are for the same

W shape and have the same material properties and opening dimensions,
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The plot for the non-composite beam was produced using a computer
program developed by Scritchfield (9). Because the beams have unequal
total plastic moment capacities, the M/MP coordinates for the non-
composite beam have been multiplied by MP/M?C to permit a comparisom.
Since the composite beam has a higher M/M.Pc value, it would appear to
be the more effective section. At the lower end of the interaction
diagram the two curves coincide, which should be expected since it was

assumed that the concrete does not carry any of the shear force.

Effects of Varying Key Parameters

A series of interaction diagrams have been prepared to investigate
the effect of some of the key parameters. In this parametri& study, a
W 18x50 beam, Fy = 36 ksi., fé = 3.5 ksi. and a slab width of 48 in.
were adopted, while slab thickness and opening length, height and
eccentricity were varied one at a time. In the following discussion,
an interaction diagram for ¢ = 4 in., h = 4.5 in., a = 6.75 in., and
e = 0 is common to all of the figures.

When the slab thickness is varied, not much change is effected in
the interaction diagram as can be seen in Fig., 21. For each larger
thickness, the moment capacity for any value of shear force is increased
because of longer moment arms for both Me and the primary moment, but h
the total moment capacity, M'Pc’ is also increased, resulting in little
variation in the M/M?C ratio. Because MPc does not increase faster than
the moment capacity as larger thicknesses are used, the smaller thicknesses
have larger M/MPC values. All curves meet at the same value of shear,
showing that the shear load is independent of the slab thickness, since

it is assumed that the slab carries no shear.
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Figure 22 shows the variation in the interaction diagram for
changes in opening length. With a shear force of zero, all the curves
have the same M/MPC ratio, which shows that change in opening length
does not affect the moment capacity in pure bending. The longer the
opening length, the less shear load the beam will withstand. This
occurs due to the faet that moments due to shear, MVT = VTa and
MVB =" VBa, increase with opening length, thus with a longer opening
the steel section is spent more quickly as shear force is inereased.

The effect of varying opening height is illustrated by the inter-
action diagrams in Fig. 23. The smaller the opening height, the greater
the M/MPc ratio will be, because less of the beam cross section is lost
to the opening. Similarly, with the smaller opening height, a larger
shear force can be applied to the beam since more of the cross section
is left at the opening.

Figure 24 shows the effects on the interaction diagrams due to
variation of opening eccentricity (positive eccentricity is upward and
negative eccentricity is downward). The largest positive eccentricity
gives the highest initial M/MPC ratio. This ratio is high because
steel that 1s in the bottom tee will have a larger moment arm than if
it were in the top tee. As the eccentricity decreases, the solution
remains in Case I longer since more steel is available in the top tee
to resist shear. Curves with equal but opposite eccentricity, closely
converge toward the bottom portion, suggesting that the shear capacity

of the beam is not significantly affected by the direction of eccentricity.

Comparison with Experimental Results

Two tests of composite beams with web openings have been performed

by Granade (5). An interaction diagram for the beams is shown in Fig. 25,
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and the experimental ultimate loads are also plotted. A large dis-
crepancy exists between the theoretical and experimental values of the
failure loads. There are several factors which might contribute to
this discrepancy; however their effects are uncertain because the
test conditions are not described fully.

A small factor to consider would be the manmer in which the
material properties of the steel and concrete were determined. This
factor would cause only minor changes in the interaction diagram.
Another small change might occur from the method of loading the beam.

If a dynamic loading process were used, a higher ultimate load would
occur giving a higher test point on the interaction diagram. A static
loading process would give a lower ultimate load. The effect of strain
hardening on the test results could have a significant effect. Since
the ultimate strength analysis does not take into account the effects
of strain hardening, the experimental ultimate loads would have to be
adjusted (3) to give a good comparison between theory and experiment.

A final factor concerns one of the key assumptions made in the
analysis presented in this report. The assumption states that no shear
force will be assigned to the concrete slab. If part of the shear force
were assigned to the slab, ultimate loads predicted from the interaction

diagram would be much higher.
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CONCLUSIORS

An ultimate strength analysis of composite beams with web openings
has been developed based on McCormick's method. This analysis was used
to make a comparison with a non-composite beam, and the composite beam
was found to be more effective. Ultimate loads based on this solution
were also compared with those observed in two laboratory tests. The
theoretical results were found to be very conservative in their pre-
dictions of the strength of the test beams.

The effect of variation of certain parameters of a composite beam
were studied using the analysis. Observations from this study are as
follows:

1. Changes in the slab thickness do not affect the interaction

diagram to a large extent.

2. The longer the opening is, the smaller the failure load.

3. As the opening is made deeper, the moment and shear capacity

decrease.

4. An opening with the highest positive eccentricity has the

highest moment capacity.
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RECOMMENDATIONS FOR FURTHER RESEARCH

Further study is needed in regard to the slope discontinuity in the
interaction diagram. This study should be directed toward determining if
an assignment of forces can be made such that the slope discontinuity is
removed. Also, the assignment of shear force to the concrete slab should
be considered in future analytical work. The analysis presented in this
report could be expanded so that it could be applied to composite beams
with reinforcement at the web opening.

More experimental tests on composite beams with web openings would

be helpful for comparison with theoretical work.
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APPENDIX IT NOTATION

one~half length of opening
width of steel flange

width of concrete slab

Fn

thickness of concrete slab

thickness o

Fh

concrete used to equal axial force PB

Fh

thickness of concrete used to equal axial force Pys

Fh

thickness of concrete used to equal axial force PT

thickness of concrete left after thickness Cpp due to PB is
subtracted from original thickness ¢

depth of steel section

moment arm between axial force in bottom tee and corresponding
force in slab

moment arm between axial force in top tee and corresponding
force in slab

eccentricity of opening

'
.85 f

[
compressive strength of concrete cylinder
yield stress of steel

one-half opening depth
total moment capacity of beam at centerline of opening

total moment capacity of top tee-concrete slab (cr) section
moment due to eccentricity

total moment capacity of non-composite beam without opening
total moment capacity of composite beam without opening

moment due to shear in bottom tee



ye

yer

ys

t

[

maximum MVT allowed in top tee due to location of NAP

moment due to shear in top tee

value

of Myr

for any value of shear by I Moments - used to

compare with value Myg

axial force in bottom tee which contributes to primary moment

axial

total

axial

total

axial

depth

depth

depth

depth

steel

force

axial

force

axial

force

of web

of web

of web

of web

flange

thickness of

in top tee which contributes to Me

force capacity of conerete slab
of concrete slab remaining after Cpg removed
force capacity of steel section at opening
of top steel tee with web reduced for shear
section in bottom tee at opening

assigned to axial force PB or PT
section in top tee at opening
assigned to axial force component of MVT or MVB
thickness

flange assigned to axial force PB or PT

thickness of top steel flange below NA? of composite beam
without opening

thickness of outside edge of flange assigned to MVT or MVB

thickness of flange adjacent to web assigned to HVT or MVB

steel web thickness

thickness of top flange in tension below NAP

total shear applied to composite beam web with opening

shear assigned to bottom tee

29
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total shear capacity of web of steel section with no opening
shear assigned to top tee

total shear capacity of web of bottom tee section at opening
total shear capacity of web of top tee section at opening
reduced web thickness for bottom tee

reduced web thickness for top tee

distance from bottom of web of top tee section to the NAP of
top tee-concrete slab (cr) section

distance from top of web of bottom tee to centroid of portion
assigned to axial force PB

distance from bottom of web of top tee to centroid of slab
thickness Cpy used to resist force PB

30
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Fig. 2 Section of Composite Beam with Web Opening
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Fig. 3 Four Hinge Failure Mechanism
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Fig. 22 Effect of Varylng Opening Length
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ABSTRACT

The purpose of this thesis is to present an ultimate strength

analysis of composite beams with web openings. With the use of this

analysis certain variables were studied and the following cenclusions

were drawn:

1.

Changes in the slab thickness do not affect the interaction
diagram to a large extent.

The longer the opening is, the smaller the failure load,

As the opening is made deeper, the moment and shear capacity
decrease,

An opening with the highest positive eccentricity has the

highest moment capacity.

Theoretical results based on the amalysis provide a very comserva-

tive prediction of the strength of test beams. This is thought to be

primarily due to the assumption that the concrete slab does not carry

any shear force.



