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I ~~ eps. The idealization of the thick-walled structure into a frame of
F linear elements is discussed, with particular attention to the Joint

[1 areas .
I 1 The analysis of the idealized frame is then considered. After

the basic analysis is done, moments, shears, and thrusts must be found for
the critical cross sections, and the selection of these sections is discussed.

A cri terion for the shear strengths of the deep members used in the
- - - conduits is presented. This is based on tests of models done earlier in

the investigation, and has been checked against the results of other deep
beam tests .

The flexural reinforcement and the detailing 0f the flexural steelI I are discussed.
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1. Introduction

• 1.1 Objective and Scope

• This report is a guide for the designer faced with the problem of

the analysis, proportioning, and detailing of mul tiple opening rectangular

( reinforced concrete conduits subjected to very heavy loadings. It was

developed during an Investigation of conduits suitable for use under

I I high earth-fill dams, and - may be useful for other purposes, including

box culverts under highway or railway fills. The cross section of a

possible structure is shown in Fig. 1.

1 1 The design process can be divided into several phases, as follows:- 1. Determine loadings,

j 2. Idealfze structure into model for analysis,

1 3 Analyze to find controlling combinations of moment, thrust,
1 and shear for each member,

4. Proportion sections for for ces , and

5. Detail structure, including connections.

[1 This may be an iterative process, especially involving steps 2, 3, and 4.
The background for the following recoimnendations can be found in

11 three reports (1, 2, 3)* which describe the results of a series of tests

Ii of eight three-opening conduit specimens and an analytical study of the
- 

sam. struc tures . The analysis used the finite element technique, taking

I I into account progress ive crac king and nonlinear stress-strain properties of
the materials.‘I-i __________

fl 
.. * Numbers In parentheses refer to ent ries in List of References .

I-I .
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This study was undertaken to provide information for the design of
structures with 250 to 300 ft of fill over them. The current design pro-

cedures, such as outlined ~ Ref. 4, were originally developed for fill

I I depths up to 75 ft, and these procedures appear to lead to excessive

member thicknesses for larger loads. Reference 4 is partially based on

~
- I 11 work done at the University of Illinois at Urbana-Champaign before 1960

~

-- - -

~ 

(5, 6), and this study can be viewed as an extension of that work although
L i  there is no formal continuity.

H The remainder of this report will be divided Into chapters dealing

with each of the five design steps listed above.

~ I-- I
1.2 Achnlnistrative Organization and Acknowledgements

II -

The achninistration of the contract for the Corps of Engineers has

been under the supervision of Wendell E. Johnson, Joseph H. Caidwell,

- 
and Homer B. Will is, who have served successively as Chief, Engineering

11 Division, Civil Works, Office of the Chief of Enginee s. Direct contact

be~~een the Engineering Division and the University has been through Charles

F. Corns , Howard W. Goodhue, Keith 0. O’Donnell, and Lucian G. Guthrie,

[1 and appreciation is expressed for their continued interest and many helpful

suggestions.

I At the University of Illinois at Urbana—Champaign, the work has been

n under the achninistrative direction of D. C. Drucker, Dean of the College of
1 I Engineering, R. J Martin, Director of the Engineering Experiment Station,

1 and N. N. Ne~~ark and C. P. Siess, successive heads of the Department of

Civil Engineering. Professor W 1. Gamble has provided overall super-

H vision of the proj ect and of the experimental phase of the investigation .

I -- l r - f t f  
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Professor Bijan Mohraz, now at Southern Methodist University , directed

[1 the analytical phase of the work.

- . 
Acknowledgements are due to Dr. A. E. Aktan, T-. A. Broz , J. L. Hoebel,

F N. 0. Ryan, G. C. Rucicka, Dr. N. H. Salem, and Dr. L. G. Plelmann , former

i and current graduate students in Civil Engineering, for their contributions

to the study.
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2. Loadings

The loadings which are appropriate for a very stiff structure burled

in a well-compacted fill may be the subject of a geotechnical investiga-
tion or of a soil-structure Interaction analysis, but they are beyond the

I scope of this report.

- The loadings which were considered in the study were those currently

being specified by the Corps of Engineers. Two separate loading combina-

tions are considered, and each members is proportioned for the most severe

- - combination of forces. The basic loading is the case of the vertical
- 

- I pressure being 1.5 tImes the overburden in combination with a horizontal

- -~ pressure of 0.5 times the overburden. The second loading condition Is

- I that of both vertical and horizontal pressures equal to the overburden.
Both cases are Illustrated in Fig 2 for an overburden of 30 k/ft2, and

the loads are assumed to be uniformly distributed. The basic loading will -

I I govern the design of the horizontal and interior vertical members. The

-~ second loading will normally control the design of the outer vertical

l 1 members.

1--i The loads, and especially the horizontal loads, must be carefully -

evaluated. The flexural and shear strengths of the members are greatly

fl enhanced by the presence of axial compression. Consequently, when de-

— 
signing the horizontal members , it is conservative to make a low estimate

11 of the horizontal load, and it is decidedly nonconservative to over-

estimate the horizontal load. Similarly, it is nonconservative to over-

estimate the vertical load while designing the exterior vertical members

11 to resist horizontal loads. 
-

_______ — * __________________- ______________________
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H 3. Idealization of Structure

The idealization of the structure into the mathematical model to
be analyzed Is a problem that the structural -engineer faces daily, whenI applying elasti c frame analysis techniques to reinforced concrete structures .

- 

In all analyses of reinforced concrete structures, some approximations

have to be made in determining the variations in member rigidity, or El ,

I along the lengths of members . The most usual assumpti on, for the part

-~ of the analysis concerned with finding the applied moments, shears, and

I axial forces, is that the variation in the gross concrete section will

[1 be considered. Thus, constant depth members usually are ideal ized as

prismatic, even though there may be substantial variation in the reinforce-
ment and in the extent of cracking along the members.

In frames of normal proportions, the next assumption will probably

11 be that the frame is idealized as a line structure, and the possible
effects of material in the joints on member stiffness are ignored. This

I leads to the familiar rotational stiffness expression of K 4E1/&, for a

j - 

member which is fixed at the far end and subjected to a moment at the
simply supported end.

I However , as the widths of the supporting members become larger rela-
tive to the span, It becomes necessary to take these widths into account

- 
I If the distribution of moments is to be adequately predicted. As the

Ii supports become wider, one must also reconsider the definition of the
span (clear span or center-to-center span, for example) and just what

( ~~

effects the growing joint areas have on the flexura l stiffness factors.

I--I -

ri
Ii

: 1  —~~~i~ffii Til ~~: _ _ _ _ _
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p In the earlier study (6), It was reconinended, for instance, that
I In members without haunches, the flexural stiffness of each member be

evaluated assuming the entire connection area of the member to be rigid.

Thi s results in higher member stiffnesses , larger carry-over factors , and
higher fixed end moments than if the member is assumed prismatic for its
entire length. After finding the balanced joint moments in the frame,

the design moments were taken as the negative moments at the faces of the

- 
supports (and not at the centers of the supports) and as the maximum

positive moments In the spans. Reference 6 also contains reconinendations

r and discussion of cases wi th haunches .
The problem of the assumptions about the variation of moment of

- Inertia near the ends of the members was discussed In Ref. 3. The re-
sults of several elastic frame analyses and of a number of finite element
analyses were compared. It was concluded that the frame analysis method

-~ gave moments in reasonable agreement wi th the more complex analyses and
wi th the test results if half the joint length was assumed rigid. The

p joint lengths included the lengths of the small fillets used in the test
- 1

specimens. The rigid length is illustrated in Fig. 3.

I J The critical section for moment at the ends of the members has been
taken at the tips of the fillets, as Is also s hown in Fig. 3. This Jo-
cation, rather than the face of the supporting member, was used as a

[1 result of studies of the test results and of a series of trial calculations

of design moments.

1 1 The idealization of a particular structure is illustrated in Fig. 4.

- - Th. structure is the prototype from which the dimensions of test specimens

F_ I

H 
-

—-



I R2 through R8 were scaled (1 ,3). The line-element structure has spans

• ~~~

--

~~ 

equal to the distances between centers of supporting members.
l I There are small cantilevers at each corner of the structure. These

are Inc luded so that the idealized structure has the same total length

- and height as the real structure, and consequently has the same total

] load. Wi thout these members, only 25.5/27.5 of the distributed vertical

load on the real structure would be accounted for , and only 11/13 of the

horizontal load would be Included . Presumably nearly all of the load on

Fl a horizontal cantilever Is resisted by the end vertical member, and the

load on the cantilever could also be appl ied as an axial concentrated load

H without changing the overall results very much.

The rigid lengths in this case are 9 in. at each end of each member.

The joint length in each case is the 12 In. half-width of the rerpendicu-

Jar member plus the 6 in. fillet , for a total of 18 in. Half of this is

• 
- taken as the equivalent rigid length.

The three-dimensional conduit is also normally considered as a

- series of two-dimensional frames, or “slices”, cut from the conduit. Various
- 4

I i slices may have different loads as the overburden changes along the axis of
the conduit, or through the thickness of the dam or fill. This is a

‘4 reasonable assumption In most cases , and especially in view of the current
- -

~~~ 11 Corps of Engineers practice In placing water-stopped joints which have no

- tensile capacity at relatively smal] intervals along the length of the

1 conduit. If the conduit were built monolithically, this design procedure

ii would still be adequate for the individual CrOSS sections as Illustrated
in Fig. 4(a). There would be an entirely different analysis and design

[] problem for forces acting parallel to the axis of the conduits. In the

example that is considered in this report, a 12 in. length of the conduit
- [1 will be analyzed as If it were an isolated from 12 in. wide. 

- _ -— - -
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4. Analysis of Structure

Once the structure has been idealized as was discussed in the previous

section, the next step is the analysis to determine the controlling

moments, shears , and thrusts at each critical section.

With the current availability of general frame analysis programs,

this presents no difficul ty. The idealized structure is described , the

loadings are given , and the program is instructed to give moments at or

near midspan and at the sections at the tips of the fillets , shears at

the ends of the members or other sections , and the ax ial forces in each

-4 f member. The STRUDI program was used in the study in Ref. 3.

_ 
The following material is specifically for the case of hand calculations ,

and is presented in a moment-distribution format, with and wi thout various

• LI shortcuts.

The nonprismatic members introduce some complexities, but the three

I I curves shown in Fig. 5 minImi ze these. Figure 5, plotted from data in

Ref. 7, gives Fixed-End Moments, Carry-Over Factors, and Flexural Stiffness

I i Factors for members wi th rigid areas near each end. This is for the

specific case of rigid areas of the same length at both ends of the member.

Coefficients for cases with different rigid lengths at the two ends of a

I 1 member may be found using basic principles of analysis or through the use

- - 
of computational devices such as the Column Analogy (8). (If the rigid

1 lengths are nearly the same, reasonable approximations can be obtained by

11 assuming both ends to have the shorter rigid length when considering the

end with the shorter rigid length, and both to have the longer rigid length

( J  when considering the end with the longer rigid length.)

I
-1 11

H
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Once these factors have been determined, the moments are distributed

I I until a satisfactory balanced condition has been obtained. The design
- 

force s are then determined, starting from the joint forces .
I To illustrate this process , the structure shown in Fig. 4 will be

ii - analyzed, assuming a vertical load of 45 k/ft 2 and a horizontal load of
15 k/ft2. Some results of the analysis with both vertical and horizontal

1 4 loads equal to 30 k/ft2 will also be presented. There are only two kinds

of members, so the determination of the coefficients is relatively simple.

I I The joints have been identified in Fig. 4(b), to aid in the bookkeeping

i operation.
• 

- For the horizontal members:

£= 8 ’_611 = lO2 in.; a&=9in. ;a20.0882

From Fig. 5: FEM = 0.096 7 wL
2

• - I COF = O.633
- K 6.6E1/a • 6.6E1/8.5 0.776 El

- For the vertical members:
:~ t ll’-O” 132 in.; a~ — 9 in.; a • 0.0682:i : 

From Fig. 5: PEN = 0.0940 wL2

I CO F=0 .604
• K = 5.8E1/z • 5.8E1/ll • 0.527 El

All members have the same thicknesses in this case, so the El values

are the same. If a “slice” of the conduit 12 in. wide is considered, the

[ load per sq ft is also the load per ft of length of member, and the result-

ant moments, shears, and thrusts are per ft of width of structure .

H
V 
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1 .1 Using the above information, the fixed end moments become:
Horizontal members: PEN • 0.0968 (45 k/ft)(8.5 ft)2 • 314.4 k-ft

- 
Exteriot vertical members: 

-

PEN = 0.0940 (l5 k/ft)(ll ft)2 170.6 k-ft

• Interior vertical members: FEM • 0Li Horizon tal cantilever: N • 45 k/ft (1 ft)2/2” 22.5 k-ftI Vertical cantilever: N • 15 k/ft (1 ft)2/2 = 7.5 k-ft

The distribution factors at the corner and interior joints are determined:

I Joint A Relative values = Distribution Factors

KM • 0.776 El 0.596
-~~ I i KAE • 0.527 El 0.404

-4 1 -i - 
- 

1K • 1.303 El 1.000

.__ - _ i i_ i Joint 8 Relative values = Distribution Factors
- 

• 
-~~ 

- KM • 0.776 El - 0.373

~ I] 0.776 El 0.373

• 0.527 El 0.2541 -__
~1 ~K — 2.079 El 1.000

This infonnation can then be assembled into a traditional moment-
distribution format, as shown in Fig. 6. Because of syn inetry , only one

- - 
quarter of the structure need be considered, wi th leads to considerable

V 

~ 
reduction in arlttm,etic Rotational signs, with clockwise moments on

the end of a member as positive, are used. The two cantilever moments
j 1 1 irs added together and treated as an applied moment, and of course there

Is no distribution or carry-over to these members. The carry-overs for

Zâ 11 

- .-. ~~~~~ 
- -

- 
- . 

— -



—
~~~~

—
~~~~~

.---— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

jIl ~~~~~~ 11

the vertical members and the central horizontal span are from sy~~etr1ca1

I I portions of the structure which are not shown. They can also be viewed

I as negative reflections of the carry-overs from the joints actually being
-

, I considered. Convergence is relatively slow because of the large carry-
-~~ over factors , but the 5 cycles shown are more than adequate.I t Since the vertical and interior horizontal members are subjected to

- the same moments, with opposite rotational signs, at the two ends, another
short-cut can be introduced by using stiffness factors modified for this

~ I I condition of symmetry. If this is done, the carry-overs along these parti-
cular members are elimi nated, and some savings result in the analysis time.

~ F t The modified stiffness of a member wi th equal but opposite end moments

~ 
cErn be expressed as (Ref. 9): -

•K ’ — K (l - COP).

With this, the central horizontal member has a modified stiffness of

:~ I I K’ — Y~
1 (1 - 0.633) • 0.285 El.

-

- ~i I The vertical members have modified stiffnesses of

I 
~~~~~ 

K’ 
~~~~ 

(1 — 0.604) • 0.209 El. $
Using these modified stiffnesses, new distribution factors for the

two Joints can be found In the same way that the previous values were

ii computed. The modified distribution factors are shown in Fig. 7, where a

new moment distribution Is shown. The small differences between the moments

~ F I in FIgs . 6 and 7 are due to accumulations of round-off errors and are

Insignificant.

— • -
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Since these are joint moments, the next step is to determine the

I design moments, shears and thrusts. This can be Illustra ted graphically,
- 

- 

and Fig. 8 shows the moment s and shears in the end horizontal span.

I The moment diagram in Fig. 8 shows the maximum span positive moment

~~~~~ I 
and the two negative moments at the tips of the fillets. The moment at

the exterior corner of the structure is very small , and the second loading
- - F with 30 k/ft2 in both horizontal and vertical directions would give a

much larger negative moment, of about 127 k-ft. This small moment is con-

• I sistent with the results of the elastic finite element analysis presented

;~ 
in Ref. 3. -

I The moments at all critical sections would then be determined, as

would the thrust accompanying each moment. The thrusts for the horizontal
- 

members can be found by simple statics since the top and bottom members

• [ 1 each resist half the horizontal load . The vertical member thrusts are

found by s~mining reactions at the ends of the horizontal members, not
Ii fo rgetti ng the reactions from the small corner cantilevers .

[1 The moments and thrusts at each critical section are siamarized in
- 

- 

Fig. 9 for the two loadi ng cases . The end span positive moments are the

11 maximums in the span rather than the slightly smaller midspan values.

- At some locations, such as at the ends of the exterior vertical men-

11 bers, it may be necessary to consider two combinati ons of moment and
• 

thrust, as it may not be evident which loading governs. tn addition,

- - 
the two different loadings produce moment diagrams with different points

A of contraflaxure, and this will have to be taken into account when detail-

- ing the reinforcement.

t I
I ’

I j ±~~~_ _ _  _ _ _
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The critical section for shear has been taken at 0.15 a.,1 from the

11 face of the supporting members, where L,~ is the clear span between the

- supports, neglecting the presence of the fillets. This is an arbitrary

definition which was developed from the analysis of the test results

11 reported in Ref. 3, and would not necessarily be reasonable if much
- larger corner fillets were used. The fillets obviously Influenced the

I paths of the shear cracks in the test specimens , but their size was not

- -

~ 

a variable in the test program.

I The shears at the various critical sections, from the two loadings,

I 
are shown in Fig. 9.

-
~ Please note that the forces shown In Fig. 9 are service load forces,

[I and they must be multiplied by an appropriate factor of safety before

proportioning the cross sections using an ultimate strength design
I 1 approach. The remainder of this report is wr itten on the basis that 2.0

- Is a reasonable factor, and that it includes both the overload and under

strength components of the factors oft safety as used in the ACI Code (10).

II This factor is applied to all members resisting all combinations of forces.

I ii

,
-
~~~~~ Ii 
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5. Proportioning of Cross Sections

- The first step In checking the adequacy of the structure which has

just been analyzed should be the confirmation of the shear strength.

It has been assumed that no shear reinforcement will be used, so the
- 

concrete section must be adequate. The test results Indicated no more

1 than a weak dependence of the shear strength on the flexural steel ratio,

and there appears to be no difficulty in providing flexural capacity to

match or exceed the shear capacity.

The minimum shear capacity of a critical secti on can be computed,

- -
~ 

following the recommendations of Ref. 3, as: 
-

-
~~~~ , [j - vc = (11.5 - L~/d) iç 11 + f1/f

~ 
(5-1)

where
L

U fl Vc Shear capacity of section of width b,

d • Effective depth of reinforcement, from compression face,

Clear span face to face of supporting members, neglecting
- 

fillets,

fl f~ Comprqsive strength of concrete, lb/in.2, (/f~~also has
- lb/in.’ units),

Nu/Ag - Nominal longitudinal stress in member,

* Tensile strength of concrete, taken as 5/f~7I I Nu — Axial thrust in member, compression positive, and

Ag — Gross area of member

U: H
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The critical section Is located 0.15 
~ 

from the face of the

H supporting member , as noted in the previous section.

The cross section of each member will be approximately as shown

-
~ I In Fig. 10. The cover over the main reinforcement is 4 in., and is

consistent with current Corps of Engineers practice for hydraulic

structures (4). The transverse bars are nominal reinforcement placed

I_I perpendicular to the main steel. These bars provide crack control and
- 

some protection against deep erosion of the concrete by any cavitation[ problems, and are placed on the sides of members exposed to flowing water.

• F -
~ 

The figure is drawn as if the main steel were #11 bars, but this of course
I remains to be determined.

11 Two sections need to be checked for shear. The Interior negative

moment section of the end horizontal span has maximum shear and minimum

1] thrust when the vertical load is 45 k/ft2. The exterior vertical member

has the worst conditions when vertical and horizontal loads are both[1 30 k/ft2.

FT Adopting a load factor of 2.0, the horizontal member is subjected to
- 

ultimate loads of 
~u 

— 234.4 kips and P~ 
a 195.0 kips. The concrete

fl compressive strength is taken as f~ - 4,000 lb/in.
2 Assuming #11 bars,

d - 24 - 4 - 1.41/2 • 19.3 in. The clear span Is — 78 in. The11 average longitudinal stress is — 195 kips/(l2 x 24) in.2 a 0.677 k/in.2.

UI The — 4~~~— 63.2 lb/In.2, and f~ — s/c - 316 lb/in.2.
-

- The applied shear stress is v
~ 

— V1/bd • 234.4 kips/(12 x 19.3) In.2

1 1.01 k/In.2.

Th. shear resistance is
11 

_ _ _ _ _ _v • (11.5 - 78/19.3) 63.2 lb/in.2 11 + 677/316 — 836 lb/In.2

11

~T H
~ ~~— ~~~~~~~~~~~~“_ ‘  

-~~~~ ‘ - L ~~~~~~~ ___________ -
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2The 836 lb/in, computed shear capacity is less than the desired

1010 lb/in.2, and leads to a computed failure load of 74.5 k/f t.2

- The designer has two choices if the structure is to support the 90 k/ft2.
- The members may be made deeper, or the concrete strength may be made

( j  stronger, or both. Increasing the concrete strength alone would require

7,000 lb/in.2, so this is not practical as the only change. The
shear strength increases at a rate less than because of the term

under the radical. A member depth of 28 in., 4 in. thicker, would re-I suit in the strength exceeding the factored applied load.

When compared directly with the results of the model tests, it is

apparent that Eq. 5-1 is relatively conservative. The lowest failure

H load for a model of this structure under this loading configuration was

105 k/ft2, with concrete only slightly stronger than 4,000 lb/in.2 On the

1 1 basis 0f direct comparisons of the 105 k/ft 2 load from the tests of Models

[1 R6 and R8 (3) and half of the 74.5 k/ft2 computed earlier, the factor of

safety against shear failure appears to be about 2.8 rather than 2.0.

Or, the measured failure load was about 40 percent higher than the com-

puted failure load.

II This is not entirely unreasonable , in view of the scatter In the

ii shear strength data. The 40 percent excess is a result of Eq. 5-1 being
• a lower bound to all of the test data, including cases In which f1,, the

Ii horizontal compression, was zero .
The redesign will not be pursued, but rather the exterior vertical

I will be checked for shear, and then the flexural analysis considered.

Hi
[1

H1 

____ _ _ _ _I 
~~~~

‘ ‘L~ ~~~~~ 
~~~~~~~~~~~~~~~~~~~ 

- 
-

~~ 
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In the exterior vertical member, the ul timate shear is 189.0

kips, in conjunction with a thrust of = 345.2 kips , from the ~ —

Wh 
a 30 k/ft2 loading, times 2.0. The nominal applied shear stress is

I = 816 lb/in.2, and — 1 ,200 lb/in.2 The shear resistance can then

be computed as:

2
- 

v
~ 

— (11.5 - 108/19.3) 63.2 lb/in. /1 + 1200/316 818 lb/in.2

The end vertical is thus adequate for shear, and would not have to

be thickened in a redesign. The shear force would not be changed by

- 
- additional depth in the horizontal membev s, and there could be no more[1 than an extremely small change In the axial thrust.

On the basis of a direct comparison with the test of Model R7, the

computed and measured shear strengths are the same. The other models

I I were somewhat stronger.

-

~~ 

The basis for Eq. 5-1 is explained in Ref. 3, and Fig. 11 is repro-

I duced from that report to show the relative values of the test results

and Eq. 5—1 .

The proportioning of sections for flexure must begin with a judgement

[] decision about the minimum amount of steel to be used, as this will often
govern. It is suggested that a minimum area of 0.01 (1%) of the gross

[1 area of the section be adopted, and this be divided equally between the
two faces of the member. For the section shown in Fig. 10, thIs results in

2a total area of steel of 2.88 in. /ft, and a tension steel ratio of

[1 0.0062, where ~ — A5/bd and A5 - steel area in one face of the member.

A ii
Ii
1 1
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The 1971 ACI Code (10) specifies a minimum tension steel ratio In

-i a beam of 
~~~~~ 200/f), — 0.0033 for grade 60 steel. However, this may

I not give adequate crack control , because the bar spacing can become quite
large and because of the large cover. Information on the parameters in-

fluencing crack spacing and width can be found In Ref. 11 , and Ref. 12[ j confirms that the same concepts can be extended to structures reinforced
- - with very large bars.

The ACI Code also specifies a minimum reinforcement of 0.01 of the

gross area of a compression member, and all members In the conduits are

- 
subjected to significant compression in addition to the bending forces.

1 The area of 2.88 in.2/ft can be met by #11 bars at 13 in. in each

r face, or by #8 bars at 6.5 In., or by other combinations. The #8 bars

would be better for crack control purposes because of the smaller spacing,
but the advantage may not be large.

3 Each critical section is subjected to some combination of moment

1] and thrust, and it must be confi rmed that the sections are adequate. A

moment-thrust interaction diagram was consequently’ developed for the cross
I I section shown in Fig. 10, and is shown in Fig. 12. The diagram is

specifically for the case 1.44 in.2/ft of steel in each face of the

member, d — 193 in., f~ — 4,000 lb/in. , and f~ 60,000 lb/in.

11 The method of determining the moment-thrust interaction diagram is
documented in standard text books (13, 14) on reinforced concrete, and

I will be only briefly reviewed here. Figure 13 is reproduced from Ref. 3,
and illustrates the strain, stress , and force conditions associated with
one point on this interaction envelope. In essence, a strain distribution

H such as Is Illustrated Is selected, forces are found, and forces and moments
of force s are si ed about the mid-depth axis. Some other strain

Lii 
__  

_ _ _ _ _ _ _ _

-~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i~~~~~~~~
-
~~~~~~ U-TU - - - 
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distribution is then selected, and the process is repeated, with enough
trials to define the envelope to the required precision.

- 

- 
The strain distribution producing the failure strain in concrete and

I I the yield strain in the tension steel leads to a balanced condition, and

-J the moment and thrust define a major change in slope of the envelope.

The stress distribution within the concrete Is the simple approxi-

mation suggested by the ACI Code. It will be adequate except in the

reg ion of very high thrust where the entire cross section is in corn-
1 1 pression and the neutral ax is lies outside the section. Consequently,

kd — h should be the largest kd value chosen using the stress conditions

- - 

- shown in Fig. 13. This point can then be connected by a straight line with
-i a point representing the pure axial thrust capacity, given by

1•1 1)0 • (A5 + A~) fy + (Ag - A5 - A~) 0.85 f~ (5-2)

4 This force exists with zero moment if the section is syninetrlcal
about the mid-depth axis. Otherwise, the moments of the forces must be

sunvned about that axis. References 13 and 14 can be used to obtain further

guidance in nonsymnetrlcal cases .

The curve shown In Fig. 12 does not have the shape normally shown

for interaction diagrams. The portion below the balance point is
straighter than Is usually encountered, and the portion above the balance
thrust has much more curvature than Is normal . These changes in shape
are due to the large cover over the compression reinforcement, combined

I I with the use of Grade 60 steel . As a consequence of these two factors ,

[1 the strain in the compression steel remains less than the yield strain

[1
i l l  .

_ 
_ _  - 

S
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even at the balance point failure conditions, and in this particular case

I for any thrust less than 525 kips even when the moment is increased to
failure. The normal shape illustrated in the text books exists only If

I the compression steel has yielded at the balanced failure condition, and
- for somewhat lower thrusts as well.

Once the envelope was prepared, the applied moment and thrusts were

H plotted for several of the critical sections. The rays from the origin

represent “load paths ” showing the combinations of M and P as the l oads

I j are increased from zero to twice the design values. Only the positive
moment in the end span horizontal member (which will have to be thickened

- 1 for shear) and the midheight section of the exterior vertical member are

f -I even close to the envelope. The other sections have considerabl e excess
- 

capacity, even with the minimum reinforcement.

The Interior vertica l member is subjected to only a very small moment
and a large thrust, and these have been plotted. A ray and point are also

plotted corresponding to a minimum thrust eccentricity of 0.1 times the

H member thickness, or 2.4 in., as is required by the ACI Code for columns.

This minimum eccentricity is a reasonable requirement, and it can be argued

~ 4 that it is essential to protect the structure from small accidental moments
arising from accidental nons~~,etries of the loads and of the structure.

1~
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6. Detailing of Steel

I Once the required areas of steel have been found for all of the critical

sections , the arrangement of this steel in the structure must be completed.

The lengths of bars , the locations of bar term ina tions , and the loca tions

I [ j of bends must be determined, and this should be done to both Insure the

adequate behavior of the structure and to minimize material and fabrication

I -i costs.

—i A simple steel arrangement was used in the models, and the results

were satisfactory. The steel used is shown in Fig. 14, which is a

I J ” 4 drawing of a model 1/3 the size of the prototype discussed earlier in this

- 

- 

- report.

The outside steel is bent around the corners In the model, and the

_
-
~~~ 

verticals are then lap—spliced in a region of generally compressive stress.
- 

- 
- All other bars are straight and full length. No bars are cut off short,

even though in some cas es the shape of the bending moment diagrams might

appear to allow this to be done.

I The extensions of the inside bars (bottom bars in top member, top

- -  bars in bottom member, and inside bars in exterior vertical members)

into and nearly through the supports is critical .

- 

~J In the test specimens, shear cracks formed near the ends of the members,

-- 

and approximately lined up with the fillets, as shown in Fig. 15. The

[ formation of these cracks was accompanied or preceeded by a change from

compression to tension strains in the reinforcing bars near the tips of
I the fillets . The tension in these nominally compression bars became

[J reasonably large in some cases , and could have lead to bond failures

and other problems if the embedments of the bars beyond this section had

El been smaller, or if some bars had been cut off before this section was

reached.
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These reversals from compression to tension were noted both at exterior

corners and at interior joints, which is the reason for the reconinendation
that the bars be full-length.

I The use of all straight bars rather than bent bars is reconmiended.

Bars of the form shown in Fig. 16 have been used to supply about half of
I the steel In some conduit structures, but these become quite inefficient

I j and ineffective when members wi th small Ln/d values are considered . If

- .  
the sloping parts of the bars are to be no steeper than 450 from the

I member axis, the straight horizontal lengths available at either face of

the member become small , and too much of the bar Is in the sloping parts.

Only about half of the span shown in Fig. 16 Is reinforced by the straight,

horizontal parts of the bar.

- 
The use of two different loadings which cause large shifts in the

[ I points of contraflexure tend to make selection of efficient bent steel

even more difficult.

- - -1 ‘
H
n

-

~~~~~ 1i_
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FIG. 2 LOADING CONDITIONS CONSIDERED IN DESIGN OF CONDUITS
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