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PREFACE 

This t echn ica l  r e lease  is  a continuation of the  e f f o r t  
design time required t o  analyze and design rec tangular  
e a r l i e r  t echn ica l  re leases ,  TR-42 and TR-43, dea l  with 

t o  reduce t h e  
conduits . Two 
t h e  design of 

s ing le  c e l l  rectangular  conduits.  This t echn ica l  r e lease  is concerned 
with t h e  design of twin c e l l  rectangular  conduits.  

The f i r s t  chapter is  important t o  those whose primary i n t e r e s t  l i e s  i n  
obtaining and in te rp re t ing  computer designs. The second chapter gives 
t h e  c r i t e r i a  and procedures es tabl ished f o r  t h e  s t r u c t u r a l  design of 
these  conduit c ross  sec t ions .  It may be useful  a s  an indicator  of 
approaches t o  t h e  analys is  and design of similar s t ruc tu res .  

A d r a f t  of t h e  subject  technical  r e lease  dated July 22, 1970, was sent  
t o  t h e  Engineering and Watershed Planning Unit Design Engineers f o r  
t h e i r  review and comment. 

This t echn ica l  r e lease  w a s  prepared by M r .  Edwin S. All ing of t h e  Design 
Unit, Design Branch at  Hyat tsvi l le ,  Maryland. He a l s o  wrote t h e  computer 
program. 
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Not all nomenclature is l i s t ed .  Hopefully, the meaning of any unlisted 
nomenclature may be ascertained from tha t  given. 

'k 

A s  

Aso 

*sr 

a 

Bl 

b 

CJK 

C s i  

C3k 
D 

Dws 
d 

do 

d r 

dwb 

dwt 
E 

f c  

c ' 
f s 
HIGH 

hc 

h, 

I 

= gross area of column 

= s t e e l  area required a t  location i 

= reinforcing s t ee l  area 

= reinforcing s t e e l  area f o r  or iginal  effect ive depth or  or iginal  
loads 

= reinforcing s t e e l  area f o r  reduced effect ive depth o r  reduced 
loads 

= r a t i o  used t o  obtain properties of non-prismatic, unsymmetrical 
members 

s identification of f i r s t  basic se t  of loads, those with conduit 
empty 

= width of reinforced concrete member; r a t i o  used t o  obtain 
properties of non-prismatic, unsymmetrical members 

= carry-over factor  from end J t o  end K 

r concentrated s i d e w u  load for  LC# 

= carry-over coefficient 

= nominal diameter of reinforcing bar 

s dead weight of sidewall 

= effect ive depth of reinforced concrete member 

= original  effective depth 

= reduced effective depth 

r unit dead weight on bottom slab 

f unit dead weight of top slab 

modulus of e l a s t i c i ty  

= compressive s t r e s s  i n  concrete 

= compressive strength of concrete 

= allowable s t r e s s  in  reinforcing s t e e l  

= c lear  height of conduit 

= clear  height of conduit 

internal  water pressure head measured from the  bottom of the 
top slab 

z moment of ine r t i a  



L f span length 

L C # ~  = load combinat ion number one 

LC#2 = load combination number two 

Lb bottom slab span 

s sidewall span 

% = top s lab span 
1 f number of layers  of s t e e l  

M = moment 

= design moment a t  A 

E corner moment a t  B f o r  unit  concentrated sidewall load, ear th  
foundation analysis 

= external load corner moment a t  B f o r  IC#i 

= corner moment a t  B for  pressure head loading, ear th  foundation ' 

analysis 

r corner moment a t  B fo r  hydrostatic sidewall loading, ear th  
foundat ion andys i s  

E fixed end moment a t  B f o r  hydrostatic sidewall loading 

= corner moment a t  B for  unit load on bottom slab, ear th  founda- 
t i o n  analysis 

= corner moment at B f o r  unit  load on sidewall, ea r th  founda- 
t ion analysis 

= corner moment a t  B f o r  unit  load on top slab, ear th  foundation 
analysis 

= design moment a t  face of the  support of the  top s lab 

= moment a t  J i n  span JK 

= fixed end moment at J i n  span JK 

fixed end moment coefficient 

= d i r ec t  force i n  top s lab 

= ax ia l  compressive or  t e n s i l e  force 

= horizontal  unit  load of LC#1 

= horizontal unit  load of IC#2 

r v e r t i c a l  unit  load of LC#1 

= v e r t i c a l  unit  load of LC# 

r unit  load 

= unit  load on bottom slab 

= uni t  load on bottom s lab  fo r  IC#i 

= gross s t e e l  r a t i o  

s unit  load f o r  pressure head loading 

G maximum unit  load f o r  hydrostatic sidewall loading 



p s i  

Pt 

p t i  
R 

'jk 

0 

S r 
TBOT 

TCTR 

TSBOT 

c unit  load on sidewall 

% pounds per square foot 

= pounds per square inch 

= unit  load on sidewall f o r  IC#i 

z uni t  load on top s lab  

r unit  load on top s l ab  f o r  IC#i 

= proportional reduction i n  loads 

= concentrated reaction a t  centerwall 

= reaction a t  F i n  half  frame used f o r  analysis 

c react ion a t  I i n  half frame used f o r  analysis 

s reaction due t o  end moments 

= simple beam reaction; concentrated react ion a t  sidewall 

= s t e e l  spacing required a t  locat ion i 

= s t i f fnes s  a t  end J i n  span J'K 

= spacing of reinforcing s t e e l  

s s t i f fnes s  coeff ic ient  

s s t e e l  spacing f o r  o r ig ina l  e f fec t ive  depth o r  o r ig ina l  loads 

= s t e e l  spacing f o r  reduced e f fec t ive  depth o r  reduced loads 

s required thickness of bottom s lab  

E required thickness of centerwall 

5 required thickness a t  bottom of sidewall 

s required thickness a t  top of sidewall 

= required thickness of top s lab  

= thickness 

E thickness of bottom slab 

E thickness of centerwall 

E thickness of l e f t  support 

s thickness of r i gh t  support 

s average thickness of sidewall 

E thickness of sidewall a t  the  bottom 

r thickness of sidewall a t  t he  top 

E thickness of top s lab  

s allowable f lexura l  bond s t r e s s  i n  concrete 

= shear 

E shear a t  face of support 

= shear a t  point of inflection; shear at sect ion of maximum 
posi t ive  moment 

E allowable shear s t r e s s  i n  concrete 



WIDE = c l ea r  width of one c e l l  of conduit 

wc = c l ea r  width of one c e l l  of conduit 

xmid = distance from center of support t o  middle of c l ea r  span 

x~ dis tance from center of support t o  sect ion of maximum pos i t ive  
moment 

yw = uni t  weight of water 

A r r e l a t i v e  t r ans l a t i on  of ends of a member 

eJ = ro ta t ion  at  support J 

p = A/L 
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CENFTEE 1. COMFUTER DESIGNS 

Introduction 

This technical  release is concerned with the  s t ruc tura l  design of twin 
c e l l  rectangular conduit cross sections. A computer program wri t ten 
i n  FORTRAN f o r  IBM 360 equipment was developed t o  perform these designs. 
This technical  re lease  documents the  c r i t e r i a  and procedures used i n  the  
computer program and explains how t o  obtain and in te rpre t  the  computer 
designs. 

Two previous technical  releases deal with s ingle  c e l l  rectangular con- 

@ 
dui ts .  These a r e  Technical Release No. 42, "Single Cell  Rectangular 
Conduits - Cr i t e r i a  and Procedures f o r  Structural  Design" and Technical 
Release No. 43, "Single Cell  Rectangular Conduits - Catalog of Standard 
Designs. " Material contained i n  TR-42 o r  TR-43 which is equally appli-  
cable t o  twin c e l l  conduits is not f u l l y  reproduced herein. Rather 
than duplicate such subject matter, it is  assumed the  reader is familiar 
with these technical  releases.  Specific reference is  made t o  them i n  
some instances. 

Sect ion Designed 

Figure 1-1 defines the  cross sect ional  shape of t he  conduit and shows 
the  assumed s t e e l  layout. Nomenclature adopted for  the ident i f ica t ion  
of computer output is  indicated fo r  the  various s lab thicknesses and 
c lear  spans. 

The computer program determines the required thicknesses of the  top and 
bottom slabs, the thicknesses a t  the  top and bottom of the  sidewalls, 
and the thickness of the  centerwall. These thicknesses a r e  the  minimum 
possible, consistent with the selected c r i t e r i a .  Next the  computer 
obtains the  minimum acceptable s t e e l  areas and the maximum acceptable 
s t e e l  spacings a t  each of the  twenty locations shown circ led i n  
Figure 1-1, In the case of posit ive,  mid-span s t e e l  (posi t ive  meaning 
s t e e l  on the  inside of the  conduit) the  areas actual ly  computed a re  
those required a t  the  respective sections of maximum moment while the  
spacings computed a re  those required a t  the  l e f t  and r igh t  points of in- 
f l ec t ion  of the  corresponding locations.  The computer a lso determines 
whether or  not any of the  posi t ive  s t e e l  requires de f in i t e  anchorage in to  
t he  supports. These anchorage locations a r e  indicated by hexagons i n  



TSTOP t- TCTR - 

Figure 1-1. Conduit cross section and s tee l  layout. 



Figure 1-1. The computer only indicates i f  anchorage i s  needed or  not 
needed. The designer se lec t s  the  type and amount of anchorage. It may 
be provided by standard hooks o r  by embedment length i f  there  is  
enough distance. 

Subject t o  t he  constraint  of providing a t  l e a s t  the  s t e e l  area and 
spacing required f o r  the  twenty locations, the  designer may vary the  
s t e e l  layout from that shown i n  Figure 1-1. The best  s t e e l  layout f o r  
a given design depends on the span lengths and on the amounts of s t e e l  
involved. 

The conduit must s a t i s f ac to r i l y  r e s i s t  a number of possible loading 
conditions which may occur over the  l i f e  of the  structure.  The designer 
must consider both i n i t i a l  and long term loading conditions. See pages 
5-8 and the Appendix of TR-42 f o r  a discussion of loads and load combina- 
t ions  f o r  rectangular conduits. 

Loads Specified by User 
The design of conduit cross sections by the  program is independent of 
t he  methods by which' the  user determinks his-external loads. The user 
specif ies  unit  pressures i n  two combinations of external loads. These 
load combinations a r e  defined as : 

LC#l is  the  load combination having the  maximum possible v e r t i c a l  
unit  load combined with the  minimum horizontal unit  load consistent 
with t h a t  ve r t i ca l  unit  load. 

LC# is  the  load combination having the  maximum possible horizontd. 
unit  load combined with the minimum ve r t i ca l  uni t  load consistent 
with t h a t  horizontal unit  load. 

Figure 1-2 shows the  two load combinations. If PV1, PHl, W2, and PH2 
are  the unit  loads in psf, then by these def ini t ions  

Figure 1-2. Load combinations determined by user. 



Dead load should not be included i n  any of these  un i t  pressures.  Con- 
d u i t  dead weight e f f e c t s  a r e  automatical ly considered i n  t h e  program. 

Loads Constructed by Program 
The program const ructs  a number of add i t iona l  loadings. These include 
ex te rna l  load combinations LC#O, LC#3, LC#4, LC#, and ~ # 6  and i n t e r -  
n a l  water loads, a l l  of which are discussed and defined i n  TR-42. 

Design Mode 

The program designs conduit c ross  sec t ions  i n  accordance wi th  t h e  design 
mode. A design mode character izes  t h e  condit ions f o r  which t h e  conduit 
i s  designed. Four modes a r e  established:  

e a r t h  foundation, no i n t e r n a l  water load 00 
e a r t h  foundation, with i n t e r n a l  water load = 0 1  
rock foundation, no i n t e r n a l  water load = 1 0  
rock foundation, with i n t e r n a l  water load = 11 

The type of foundation assumed i n  t h e  design governs t h e  number of in -  
t e r n a l  load combinations t r e a t e d .  E#4, ~ # 5 ,  and E#6 a r e  only used 
with rock foundations. I n t e r n a l  water load i s  included i n  t h e  design 
of  pressure  conduits when it increases t h e  requirements of t h e  function 
under inves t igat ion.  

Information Required t o  Obtain a Design 

Designs of twin c e l l  rec tangular  conduit cross sec t ions  may be obtained 
from t h e  Design Unit at m a t t s v i l l e ,  Maryland. Requests should be sent  
t o :  

Head, Design Unit 
Engineering Division 
S o i l  Conservation Service 
Federal Center Building 
matt s v i l l e ,  wry land  20782. 

The following information is required f o r  each design requested: 

(1) t h e  design mode, 
(2 )  t h e  c l e a r  height  and width of one c e l l  of t h e  conduit, 
( 3 )  the v e r t i c a l  and hor izonta l  un i t  loads  f o r  load combination 

#1, i.e., W1 and PH1, 
( 4 )  t h e  v e r t i c a l  and hor izonta l  un i t  loads f o r  load combination 

#2, i.e., PV2 and PH2, and 
( 5 )  any alphameric information des i red  by t h e  request ing o f f i c e  

such as s i t e  number, p ro jec t  number, s t a t e ,  and d a t e  of 
design. 



Computer Output 

The format of the  output f o r  a design is arranged so t h a t  each design 
is contained on a separate 8 x 10 1/2 s i ze  sheet which may readi ly  be 
f i l e d  i n  a design folder.  

Normally Completed Designs 
Three example designs a r e  shown a t  the  end of the  technical  release.  
Spacial Design No. 15-TW i l l u s t r a t e s  the  output fo r  a design carried 
t o  completion. The output is ident i f ied a s  follows, i n  order of 
pr int ing : 

General t i t l e  
Two l i n e s  of alphameric data identifying the  job. 
Special Design No. 
Design Mode 
Clew height and width of one ce l l ,  i n  f e e t .  
Four loading parameters of LC#1 and LC&', i n  psf , 
The number of cycles of shear design and moment analysis 

required f o r  t he  member thicknesses t o  converge t o  a 
s tab le  s e t  of thicknesses, 

The number of trial designs required t o  obtain a design 
that does not require compression s t e e l  in bending. 

The f i v e  s lab thicknesses ident i f ied i n  Figure 1-1, i n  
inches. 

Concrete volume exclusive of any f i l l e t s  a t  the  top 
corners of the  conduit i n  cubic yards per foot of 
conduit . 

Stee l  area  required a t  locat ion 1 ident i f ied i n  Figure 1-1, 
i n  square inches per foo t ,  

S tee l  spacing required a t  locat ion 1 ident i f ied i n  Figure 1-1, 
i n  inches. 

S tee l  a rea  and spacing required at the  remaining 19 locations,  
Distances from hid-span locations 3, 9, and 15 t o  the  

corresponding l e f t  and r igh t  points of inf lect ion,  i n  f e e t .  
Code indicating the  posit ive s t e e l  t h a t  requires de f in i t e  

anchorage into  t he  corners of t he  conduit, f o r  example 
02005600 means anchorage is  required a t  anchorage loca- 
t ions  2, 5, and 6, but not at anchorage locations l, 3, 
4, 7, ma 8. 

Deleted Designs 
In cer ta in  cases t he  design of a cross section is not completed. I f  
a design is not completed, t he  output contains reference t o  a message 
giving the  reason the  design w a s  deleted. These "Design Deleted 
~ e s s a g e s "  a r e  l i s t e d  below. A t  l e a s t  one s e t  of s lab thicknesses is  
given when a design is deleted. The thicknesses given with any of 
messwes 1-4 a r e  the  thicknesses a t  the  time the  design was terminated. 
They a re  given f o r  i n f o m t i o n  only and a re  not acceptable values f o r  
subsequent design. 



Message No. 1: 
A stable  se t  of member thicknesses was not obtained i n  99 cycles 
of shear design and moment analysis. 

Message No. 2: 
The top slab required effect ive depth fo r  shear exceeds the  c lear  
c e l l  width of the  conduit. The shear c r i t e r i a  is considered in- 
valid.  

Message No. 3: 
The sidewall required effect ive depth fo r  shear exceeds the c lear  
height of the conduit. The shear c r i t e r i a  is considered invalid. 

Message No. 4: 
The bottom slab required effect ive depth f o r  shear exceeds the  
clear  c e l l  width of the conduit. The shear c r i t e r i a  is considered 
i n v d  id. 

Message No. 5 :  
The required thickness of one of the  slabs exceeds 48 inches. 
This i s  s e t  a rb i t r a r i ly  as the maximum acceptable thickness. The 
thicknesses of the l a s t  trial design are  given f i r s t ,  the thick- 
nesses as original ly  required by shear a re  given next. 

Message No. 6: 
Ten trial. designs have been made. If the thicknesses of the last 
t r id  design were used, compression s t e e l  would be required in  
the  top slab. Thicknesses of the last trial design a re  given 
f i r s t ,  thicknesses as  or iginal ly  required by shear a re  given next. 

Message No. 7: 
Ten trial designs have been made. If the thicknesses of the  last 
trial design were used, compression s t e e l  would be required i n  
the sidewalls. Thicknesses of the  last trial design a r e  given 
first, thicknesses as  originally required by she= a re  given next. 

Message No. 8: 
Ten tria3 designs have been made. I f  the thicknesses of the  last 
trial design were used, compression s t e e l  would be required i n  
the  bottom slab. Thicknesses of the  last trial des im a re  given 
first, thicknesses as original ly  required by shear a r e  given next. 

Special Design Nos. 16-TW and 17-W, at the  end of the technical release, 
i l l u s t r a t e  the output f o r  designs tha t  a re  deleted. A design is  deleted 
by the  condition f i r s t  encountered. Thus 16-TW would have been deleted 
f o r  excessive thickness i f  it had not been deleted f o r  i n v d i d  shear 
c r i t e r i a .  



B s  s ib le  Modifications t o  a Computer Design 

After a design has been obtained, it may be desirable t o  modify the 
computed s t e e l  requirements of the  cross section. See pages 8 - 10 
of TR-43 f o r  development of t h i s  concept. As given therein, f o r  a 
proportional reduction of all loads: 

where 

sr = bar spacing for  reduced loads 

so = bar spacing fo r  o r i g i n d  loads 

R = proportional reduction in loads 

A+ = s t e e l  area f o r  reduced loads 

*so = s t e e l  area fo r  or iginal  loads 

Also, as  given i n  TR-43, with the  introduction of multiple layers  of 
s tee l :  

where 

Sr = bar spacing per layer  for  reduced effect ive depth 

so = b a r  spacing f o r  or iginal  effect ive depth 

t = number of layers of s t e e l  

dr = reduced effective depth 

do = original  effective depth 

hr = s t e e l  area per layer for  reduced effective depth 

h0 = s t e e l  area fo r  or iginal  effective depth 

In no case should spacings be increased t o  more than 18 inches nor 
areas be reduced t o  l e s s  than tha t  required by temperature and shrinkage. 





Desim Thicknesses and Spans 

Figure 1-1 defines the conduit cross section and ident i f ies  computer 
output nomenclature. Figure 2-1 defines nomenclature fo r  design pur- 
poses. 

Figure 2-1. Conduit spans and member thicknesses. 



In  following analyses, take 
1 Lt = W, + $tst + tC) 

For t he  sidewall thickness, i n  s t i f f n e s s  calculations,  take 

1 
ts = $tst + t s b )  

Analyses f o r  Indeterminate Moments 

General Considerations 
Slope Deflection is selected as t h e  method of analysis  f o r  t h i s  work. 
Ut i l i z ing  v e r t i c a l  symmetry, t h e  closed twin c e l l  rectangular shape i s  
indeterminate t o  t h e  t h i r d  degree f o r  conduits on ea r th  foundations o r  
t o  t he  four th  degree f o r  conduits on rock foundations. Use of Slope 
Deflection, which is a s t i f f n e s s  method, a l t e r s  t h e  problem t o  t h e  
determination of th ree  displacements f o r  conduits on ea r th  o r  t o  two 
displacements f o r  conduits on rock. Members a r e  assumed non-prismatic 
and unsymmetrical. The moment of i n e r t i a  is constant within t h e  c l ea r  
span and is assumed i n f i n i t e  outside t h e  c l ea r  span. 

E las t i c  Constants 
Figure 2-2 shows a t yp i ca l  member and the  assumed var ia t ion  i n  moments 

Figure 2-2. Typical member and var ia t ion  i n  moment of i n e r t i a .  



Carry over factors ,  s t i f fnesses ,  and fixed end moments f o r  uniform 
load may be computed from the  re la t ions  : 

where 

Cm is the  carry over fac tor  from end J t o  end K 

CKJ i s  the  carry over factor  from end K t o  end J 

SKJ i s  the  s t i f fnes s  a t  end K i n  span JK 

SJK i s  the  s t i f fness  a t  end J i n  span JK 

ZJK i s  the  fixed end moment a t  J i n  span JX 

is the fixed end moment a t  K i n  span JK 

The jk subscripted coeff ic ients  may be computed from the  expressions 

The kj subscripted coeff ic ients  may be computed from the same expressions 
by interchanging subscripts and values of a and b. 

Moments Due t o  End Translation Without Rotation 
As  discussed below, when conduits a r e  founded on earth, r e l a t i ve  t rans-  
l a t i o n  of the  ends of the  top and bottom slabs  can occur. Derivation 
of expressions f o r  the  f h e d  end moments caused by such movements i s  
ass i s ted  by Figure 2-3. 

In Figure 2-3, sketch ( a )  shows a member with a re la t ive  end t rans la t ion  
of A but with no rotat ion of the  ends. Sketch (b)  shows a simply sup- 
ported member with the  same end t ranslat ion.  Sketches ( c )  and ( d )  show 
the  moments required t o  produce zero ro ta t ion  a t  each end. 



Figure 2 - 3 .  Moments due t o  r e l a t i v e  end t rans la t ion .  

General Slope Deflection Equation 
The Slope Deflection Equation used i n  t h i s  analys is  i s  derived f o r  t h e  
general case of members subjected t o  applied loads, end rota t ions ,  and 
r e l a t i v e  end t rans la t ions .  



Figure 2-4. Developent of Slope Deflection equation. 

The usual Slope Deflection s ign convention is  followed; clockwise ro ta -  
t i ons  a r e  posi t ive ,  clockwise jo in t  moments are pos i t ive .  From 
Figure 2-4 

where 

MJK is t h e  moment at  J i n  JK 

MKJ is t h e  moment at  K i n  JX 

eJ is t h e  end ro ta t ion  at J i n  J K  

eK is t h e  end ro t a t i on  a t  K i n  JK 

A is t h e  r e l a t i v e  t r an s l a t i on  of ends J and K i n  JK 

P = AIL 



Slope Deflection Method 
Both the  loading on, and t he  shape of, these  twin c e l l  rectangular 
conduits a r e  symmetricaL about t h e  v e r t i c a l  cen te r l ine  of t h e  s t ructure .  
Hence no jo in t  t r ans l a t e s  horizontally.  There is  no horizontal  ax i s  of 
symmetry of the  s t ructure .  Hence there  w i l l  be r e l a t i v e  v e r t i c a l  t r ans -  
l a t i o n  of t he  sidewalls and. t h e  centerwall unless it is prevented. 

Figure 2-5. Designations fo r  analyses. 

By v e r t i c a l  symmetry @I = eF = 0, eH = -eB, and BG = -81). Thus only 

half the  s t ruc ture  need be included i n  t he  analysis  and j o in t s  I and F 
can be t rea ted  as  f ixed.  

Conduits on ea r th  foundations. - When the  conduit is founded on earth,  
t h e  loading on t he  bottom s lab  is assumed uniformly dis t r ibuted and 
r e l a t i ve  v e r t i c a l  t r ans l a t i on  i s  not prevented. Sketch (a)  of Figure 2-6 

Figure 2-6. Analysis f o r  conduits Younded on earth. 



shows t h e  general  loading on t h e  hal f  frame and sketch ( b )  shows t h e  
displacement diagram caused by t h e  r e l a t i v e  t r a n s l a t i o n  of t h e  ends 
of t h e  t o p  and bottom s labs .  The concentrated load, Cs, shown ac t ing  
on t h e  sidewall  i s  due t o  t h e  dead weight of t h e  sidewall  and t o  t h e  
v e r t i c a l  ex te rna l  load ac t ing  on t h e  sidewall .  A s i m i l a r  concentrated 
load e x i s t s  on t h e  sidewall  of s ing le  c e l l  conduits but  causes no bend- 
ing s ince  t h e r e  is no r e l a t i v e  v e r t i c a l  t r a n s l a t i o n .  

There a r e  t h r e e  unknown displacements, they a r e  t h e  two r o t a t i o n s  eB 
and eD, and t h e  t r a n s l a t i o n  A. Three s t a t i c a l  equations a r e  required, 
these  a r e  t h e  two j o i n t  equations 

CMB = 0 

CMD = 0 

and t h e  shear  equation 

CV = 0 

Subs t i tu t ing  moment and load values i n t o  t h e  s t a t i c a l  equations, 
obta in  

rearranging 

Repeated app l i ca t ion  of  the Slope Deflect ion equations r e s u l t s  i n  t h e  
moment expressions 



Subst i tu t ion of these  moment expressions in to  t he  s t a t i c a l  equations 
and simplifying, y ie lds  t h e  th ree  displacement equations 

For a spec i f i c  load s i tua t ion ,  t he  displacements GB, 8 and Amay be D ' determined from the  above non-homogeneous l i n e a r  equations by any of 
several  methods. The values of the  displacements can then be inser ted 
i n  t h e  Slope Deflection equations t o  determine end moments. In t h i s  
work, t h e  moments MD, MBI, MDF, and Mm a r e  evaluated. 

Conduits on rock foundations. - When t h e  conduit i s  analyzed f o r  rock 
foundations, the  external  loading on t he  bottom of t he  conduit is  
assumed concentrated a t  t h e  sidewalls and centerwall.  The bottom s l ab  
i t s e l f  i s  not loaded. Figure 2-7 shows t h e  assumed loading. If re-  
l a t i v e  v e r t i c a l  t r ans la t ion  i s  not prevented, t h e  R loads can have any 

Figure 2-7. Conduit on rock. 

a rb i t r a ry  values so long a s  CV = O 0  The associated t r ans l a t i on  i s  
determinable. If r e l a t i v e  v e r t i c a l  t r ans l a t i on  i s  prevented, t he  R 
loads have unique values. When conduits a r e  analyzed f o r  rock founda- 
tions,' it i s  assumed t h a t  r e l a t i v e  t r ans l a t i on  is  e s sen t i a l l y  prevented. 
Figure 2-8 shows t he  ha l f  frame i n  which t he  sidewall i s  not f r e e  t o  
t r ans l a t e .  

There a r e  two unknown displacements, they a r e  t he  two ro ta t ions  GB arid 

@D Two s t a t i c a l  equations a r e  required, 5hese a r e  



Figure 2-8. Analysis f o r  conduits founded on rock. 

The Slope Deflection equations give 

MI13 = Mm - C ~ ~ S B $ ~  

M~~ = $I - 'BJ?B 

Subst i tu t ion of these  moment expressions in to  the  s t a t i c a l  equations 
y ie lds  t h e  two displacement equations 

(CDBSDB )@B + ( SDB + SDF )QD = gB + M& 

The values of t h e  displacements BB and OD may be determined from t h e  
above equations and then inser ted  i n  t h e  Slope Deflection equations 
t o  determine des i red  end moments. Note t h a t  t h e  react ion Rs i s  not 
evaluated i n  t h i s  analys is  and t h a t  t h e  concentrated sidewall  load 
Cs causes no bending s ince  t h e  sidewall  does not t r a n s l a t e  v e r t i c a l l y .  



Analyses of Corner Moments 

For a par t icu la r  s e t  of s lab thicknesses, indeterminate analyses fo r  
moments can be performed. Before t h i s  is done, the  unit  loads on the  
top, sides,  and bottom slabs  a r e  evaluated fo r  the  seven external load 
combinations previously established. These a r e  

The concentrated sidewall load f o r  conduits on earth, i s  given by 
1 

the  dead weight is taken as  

In the  above e~pres s ions~ th i cknesses  a re  i n  inches, spans a re  i n  fee t ,  
and 
a,= 
%b = 

Dws = 

csi  = 

P t i  = 

p s i  = 

Pbi = 

dead w t  of top slab, i n  psf 

dead w t  on bottom slab, i n  psf 

dead w t  of sidewall, i n  p l f  

concentrated sidewall load f o r  W#i, i n  p l f  

unit  load on top s lab for  W#i, i n  psf 

uni t  load on sidewall fo r  W#i, i n  psf 

uni t  load on bottom slab f o r  K!#i, i n  psf 

Unit b a d  Analyses 
For convenience, the  corner moments f o r  external load combinations and 
f o r  in te rna l  pressure head loading a r e  obtained from uni t  load analyses. 
The loadings needed are shown i n  Figure 2-9. 

Analyses a r e  performed f o r  these unit loads, fo r  both ear th  and rock 
foundation cases. However, as  previously indicated, C, is  used only 
with ear th  foundations. The moments MBI, MB, MDF and MFD f o r  a unit  
load on the  top slab, i n  f t - l b s  per l b  of loading, a re  designated 

MIute, MDute, and MPute for ear th  foundation analyses and 

MButr, MIutr, MDUt,, and MFutr f o r  rock foundation analyses. Similar 



Figure 2-9. Loadings f o r  un i t  load analyses. 

moment designations a r e  made f o r  uni t  load on t he  sidewall, uni t  concen- 
t r a t e d  sidewall load, and unit load on t h e  bottom s lab.  The subscr ipts  
us, cs, and ub respectively,  a r e  subst i tu ted f o r  t he  subscr ipts  u t .  

Ekternal Load Corner Moments 
Corner moments f o r  a given load combination m a y  be obtained as  t he  sums 
of t h e  respective uni t  load moments times t h e  corresponding actual. ex- 
t e r n a l  loads.  The nomenclature Mgi = MBI-, MIi = MIBi, MDi = MDFi, and 
MFi = Mmi is adopted and Slope Deflection signs a r e  preserved. Thus, 
f o r  e a r th  foundation analyses: 

For rock foundation analyses: 

For reasons discussed on page 28 of TR-42, t h a t  is, tsb > tst a d  side- 
w a l l  loading is  ac tua l ly  trapezoidal ,  a second s e t  of corner moments is 
computed i n  which the  moments due t o  s ide  loads a r e  a r b i t r a r i l y  de- 
creased 10 percent f o r  Mgi and MIi and increased 10 percent f o r  MDi 
and MFi. This second s e t  of external  load corner moments i s  used only 
i n  those instances when it i s  conservative t o  take lower moments a t  B 
and I o r  higher moments a t  D and F. 

Analyses f o r  In te rna l  Water Loads 
Moments due t o  pressure head loading may be computed using t he  uni t  
load analyses. For ea r th  foundation analyses 

%de = - ~ h d ( ~ B u t e  ' M ~ u s e  + ~ ~ u b e )  

M ~ h d e  = ' ~ h d ( ~ 1 u t e  + M ~ u s e  + k u b e )  



For rock foundation a n d y s e s  

M ~ h d r  = -phd('Butr + M ~ u s r  + ~ ~ u b r  ) 

MIhdr = -phd('Iutr + MIusr + 'Iubr ) 

M ~ h d r  = - ~ h d ( ' ~ u t r  ' M ~ u s r  ' 'Dubr ) 

Ml?hdr = -phd(%tr + M)j'usr + 'F'ubr) 

The minus signs a r e  used s ince  phd is  an outward ac t ing  load.  

Moments due t o  hydros ta t ic  s idewall  loading m y  be computed f o r  e a r t h  
and rock foundation cases a f t e r  t h e  f ixed end moments a r e  obtained. 
From page 29 of TR-42, t h e  f ixed  end moments a r e  

7 
+ 

phy tb)  

Resulting corner moments a r e  designated MBhye, Mme, se, and MFhye 
f o r  e a r t h  and MWr, Mnyr, MDhyr, and Mmr f o r  rock foundation 

analyses. Moments a r e  i n  f t - l b s ,  hc is  i n  f t ,  tt and tb a r e  i n  inches. 

Figure 2-10. Posi t ive  moments from Slope Deflect ion solut ion.  



Design C r i t e r i a  

Materials  
Class 4000 concrete and intermediate grade s t e e l  a r e  assumed. 

Working S t ress  Design 
Design of sec t ions  i s  i n  accordance with working s t r e s s  methods. The 
allowable s t r e s s e s  i n  p s i  a r e  

Extreme f i b e r  s t r e s s  i n  f lexure  f c  = 1.600 
Shear, ~ / b d  a t  ( d )  from face  of support* v = 70 
Flexural  Bond - 

tens ion top bars  u = 3 . 4 d f c f / ~  

o the r  tens ion ba rs  u = 4.8-/~ 

S t e e l  
i n  tens ion f s  = 20,000 
i n  compression, a x i a l l y  loaded columns f s  = 16,000 

Minimum Slab Thicknesses 
Top s l a b  and sidewalls  1 0  inches 
Bottom s lab  11 inches 

Sidewall Bat ter  
Approximately 318 i n .  per  foot ,  using whole inches f o r  s idewall  th ick-  
nesses a t  top  and bottom of t h e  sidewall.  

Temperature and Shrinkage S t e e l  
The minimum s t e e l  r a t i o s  a r e  

f o r  outs ide  faces  
f o r  ins ide  faces  

Slabs more than 32 inches t h i c k  a r e  taken a s  32 inches. 

Web Reinforcement 
The necess i ty  of providing some type of s t i r r u p  o r  t i e  i n  t h e  s l abs  
because of bending ac t ion is avoided by 

( 1 )  l i m i t i n g  t h e  shear s t r e s s ,  as a measure o f  diagonal tension,  
so t h a t  web s t e e l  i s  not required, and 

( 2 )  providing s u f f i c i e n t  e f f e c t i v e  depth of sec t ions  so  t h a t  
compression s t e e l  is not required f o r  bending. 

Cover f o r  Reinforcement 
S t e e l  cover i s  everywhere 2 inches except f o r  outs ide  s t e e l  i n  t h e  
bottom s l a b  where cover is  3 inches. 

Spacing f o r  Reinforcement 
The maximum permissible spacing of any reinforcement is 18 inches. 

*In some cases shear may be c r i t i c a l  a t  t h e  face  of t h e  support, see  
page 17 of TR-42. 
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Determination of Required Slab Thicknesses 

The thickness of t h e  centerwall is  gcTzerned by d i r ec t  compression. The 
thicknesses of all other  s labs  is  governed by shear design o r  by t he  
decision t h a t  compression s t e e l  s h a l l  not be required i n  bending. Slab 
end moments a f f ec t  shear values i n  a member. Hence thicknesses required 
by shear a r e  functions of t h e  corner moments i n  t he  conduit. Indeter- 
minate moment analysis  depends on t h e  thicknesses and span lengths of 
all members. Hence a convergence process is required i n  which cycles 
of shear design and moment analyses a r e  repeated u n t i l  a s tab le  s e t  of 
thicknesses i s  obtained. In each cycle, a s e t  of required slab th ick-  
nesses, corresponding t o  a par t i cu la r  s e t  of conduit corner moments, i s  
computed . 
Thicknesses Required by Shear 
Since end moments on a member a r e  i n  general unequal, t h e  control l ing 
thicknesses may be determined by shear a t  e i t h e r  end of t he  member. 
Table 2-1 l i s t s  t h e  basic set o r  s e t s  of loads and t he  external  load 

Table 2-1. Loadings f o r  shear thickness design. 

Slab 
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combinations f o r  each design mode which must be considered t o  obtain 
t h e  required thickness f o r  shear f o r  each slab.  See page 8 of TR-42 
f o r  t he  de f i n i t i on  of bas ic  s e t s  of loads.  C r i t i c a l  shear i s  located 
a d is tance  equal t o  t h e  e f fec t ive  depth ( d )  from the  face  of t h e  support 
when t he  loading i s  en t i r e l y  external .  When i n t e rna l  water loads a r e  
considered, c r i t i c a l  shear may be located a t  t h e  face  of t h e  support. 
The B3 loadings l i s t e d  i n  Table 2-1 a r e  t he  ones t h a t  may cause c r i t i c a l  
shear at t he  face  of t h e  support. 

1 

The shear design of each s lab  of a pressure conduit is performed i n  
four  pa r t s  corresponding t o  t he  two locat ions  of c r i t i c a l  shear a t  each 
end of t he  s lab .  O n l y  t h e  thickness of t h e  concerned s lab  is considered 
a var iable .  The thicknesses obtained i n  t h e  preceding cycle a r e  used 
f o r  t he  thicknesses of adjacent s labs  and t o  compute span lengths.  

!The top  s lab  i s  used t o  i l l u s t r a t e  shear design. The following discus- 
s ion assumes a pressure conduit founded on ear th .  Shear i n  t he  top  s l ab  
depends on t h e  dead weight of t h e  s lab .  The dead weight depends on t h e  
thickness which i s  being determined. Hence a convergence process i s  
desirable.  Figure 2-11 shows t he  various loadings involved. Moments 
having pos i t ive  Slope Deflection signs a r e  assumed. Thus t h e  sense of 
moment react ions  is established.  The l a r g e s t  of t he  four computed 
thicknesses controls .  



I (a) top s lab sketch I 
( W 1 +  %+,I 

t t t t t t t t t t t  
R s 

(b loading ~ 2 - L C # ~  
51 +%bye 

Rm 

( d )  loading I31-LC#3 

Figure 2-11. Loads for  shear thickness design of t o p  slab.  



Thickness a t  I due t o  loading ~ 2 - L C # ~ .  - From sketch (b )  of Figure 2-11, 
the  simple span reaction is  

where 
Q = 150 t t /12 

and 
tt = d + 2.5 

The reaction due t o  end moments i s  

% = +  MI^ + MBhye + M m e  ) / ~ t  
Shear at dis tance (d )  from t h e  face  at  I, i s  

Rs - (PV~ + h t ) t C / 2 4  - %- (m + d ~ t ) d / 1 2  
v = bd 

or,  t he  required s lab  thickness is 

In these  re la t ions ,  moments a r e  i n  f t - l b s  per f t ,  and 
v e r t i c a l  uni t  load of IC#l, i n  psf 

dead weight of top slab,  i n  psf 

top span, i n  f t  

simple span reaction,  i n  l b s  per  ft 

top s lab  thickness, i n  inches 

centerwall thickness, i n  inches 

reaction due t o  moments, i n  l b s  per f t  

allowable shear s t r e s s  = 70 p s i  

12  inches 

e f fec t ive  depth of top slab. 

Thickness at  I due t o  loading B3-LC#2. - From sketch ( c )  of Figure 2-11, 
t h e  simple span reaction is  

1 
Rs = %d wc ( Wc + t ,124 )/L, - $( ~2 + dwt )L~ 

The reaction due t o  end moments is 

Shear at t he  face  of t he  support a t  I, i s  

or ,  t he  required s lab  thickness is  

Rs + (PV2 + d*)tc/24 + Rm 
tt = 840 + 2.5 
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I n  these  re la t ions ,  i n  addi t ion  t o  those  given previously 

v e r t i c a l  u n i t  load of U#2, i n  psf  

c l e a r  width of one c e l l ,  i n  ft 

yw\ = 62.4&, i n  psf 

( = i n t e r n a l  pressure head, i n  f t  

thickness a t  top  of sidewaJl, i n  inches 

Thickness at B due t o  loading I31-LC#~. - From sketch (13)  of Figure 2 - l l  

The required s l a b  thickness, wi th  shear c r i t i c a l  a t  d is tance  ( d )  from 
t h e  face  at  B, i s  

Thickness at B due t o  loading B~-U#O. - From sketch (e)  of Figure 2-11 

1 1 
Rg = Phd Wc + t c / 2 4 ) / ~  - F(W2 + dwt)$ 

and 

% = ( M ~ ~  + M~~ + MBhye + MIhye + M=de + ~ I h d e  )/'t 

The required s l a b  thickness,  wi th  shear c r i t i c a l  at  t h e  face  of t h e  
support at  B, is  

Thickness design of s idewal l  and bottom s lab .  - Shear design of t h e  s ide-  
w a l l  proceeds i n  a similar manner t o  t h a t  shown above f o r  t h e  top  s lab ,  
wi th  two exceptions. F i r s t ,  shear i n  t h e  sidewall  does not depend on 
t h e  dead weight of t h e  sidewall,  hence required thicknesses may be deter -  
mined d i r e c t l y .  Second, t o  account f o r  t rapezoidal  ex te rna l  s idewall  
loads,  an i d e d i z e d  shear curve, as discussed on pages 19 - 21 of TR-42, 
i s  used when t h e  required e f f e c t i v e  depth at  t h e  top  of t h e  sidewall,  due 
t o  ex te rna l  loads, is s u f f i c i e n t l y  large .  

Shear design of t h e  bottom s l a b  is  similar t o  t h a t  shown f o r  t h e  top  
s l a b  excggt t h a t  shear i n  t h e  bottom s l a b  does not depend on t h e  dead 
weight of t h e  bottom s lab .  The bottom s l a b  does ca r ry  t h e  dead weight 
of  t h e  top  s lab ,  sidewall,  and centerwall  except f o r  c e r t a i n  rock founda- 
t ion computations. 



Thickness of Centerwall 
Due t o  v e r t i c a l  symmetry of both the  loading on, and t he  shape of t h e  
conduit, t he  center wall^ ca r r i e s  d i r ec t  force  only. The thickness 
of t he  centerwall is computed from t h e  a x i a l  load equation 

P = O.85$(o.25fct + fspg) 
where 

Ag = b tc  = 12tc, i n  in2 per  f t  

f c  ' = 4000 p s i  

f s  = 16000 p s i  

pg = s t e e l  r a t i o ,  taken a s  0.01 per ACI 318-63 section 913(a) 

P = a x i a l  load, i n  l b s  per  ft 

tc = thickness of centerwall, i n  inches 
thus 

tc = ~/LL832 

however tc is made at  l e a s t  equal t o  tst o r  12  inches, whichever is 
smaller. 

The maximum compressive a x i a l  load is computed from B~-LC#~  i f  in te rna l  
water loads a r e  not included i n  t h e  design o r  from B ~ - L C # ~  i f  in te rna l  
water loads a r e  included. The ax i a l  load in t h e  centerwall i s  twice 
the  react ion at  F i n  t he  bottom s lab  span DF, o r  f o r  loading B ~ - I C # ~  

S t ee l  Area Required a t  C r i t i c d  Locations 

After s lab  thicknesses and comer  moments f o r  external  and i n t e rna l  
loads have been determined, s t e e l  areas required a t  t h e  twenty locat ions  
shown i n  Figure 1-1 a r e  computed. The procedure f o r  determining r e -  
quired s t e e l  a rea  f o r  any acceptable combination of moment and d i r ec t  
force is given on pages 31 - 34 of TR-42. Incrementing a s lab thickness, 
t o  avoid t h e  use of compression s t e e l  i n  bending, m y  dis turb  t he  balance 
between shear s t r e s s  and moments previously a t ta ined.  Thus, i f  increment- 
ing occurs, some sections may be s l i g h t l y  overstressed i n  shear. 

Maximum Moment Flus Associated Direct Force 
Table 2-2 l is ts  t h e  external  load combinations which may give m a x i m u m  
required s t e e l  areas a t  i n t e r i o r  locat ions  i n  t h e  top slab, sidewall,  
and bottom s lab.  In t h e  case of pos i t ive  i n t e r i o r  s t e e l ,  t he  section 
of maximum pos i t ive  bending moment i s  unknown. This sect ion i s  located, 
t he  moment and d i r ec t  force  a r e  evaluated, and t he  s t e e l  area  is  deter-  
mined and recorded f o r  t he  midspan location.  The negative i n t e r i o r  
s t e e l  a rea  determined i s  t h a t  ac tua l ly  required at t h e  midspen location.  



For pressure conduits a l l  three  basic s e t s  of loads a re  investigat.ed 
t o  determine t he  one producing the  maximum required s t e e l  area  a t  each 
location.  All three  a re  investigated because it is  impossible t o  
always correct ly  predetermine which basic  s e t  governs. 

Table 2-2. Exte rnd  load combinations f o r  i n t e r io r  moments. 

Location 
(see Figure 1-1) 

Table 2-3 l i s t s  t he  external  load combinations which a r e  investigated 
t o  obtain t he  maximum required s t e e l  areas a t  the  faces of supports 
i n  t h e  top slab, sidewall, and bottom slab.  Two o r  th ree  load combina- 
t ions  a r e  given f o r  each location.  These load combinations a r e  given 
because maximum required area  may be caused by e i t he r  t he  load combina- 
t i o n  producing maximum corner moment, an a l t e rna t e  load combination 
which produces a smaller moment but requires a greater  s t e e l  a rea  be- 
cause of a smaller d i r ec t  force, o r  a load combination t h a t  does not 
produce maximum comer moment but may produce maximum moment at  the  
support face. 

Earth Foundat ion 

For pressure conduits a l l  th ree  basic s e t s  of loads a r e  investigated 
i n  conjunction with each of t he  l i s t e d  external  load combinations t o  
determine t h e  par t icu la r  loading producing the  maxkum required s t e e l  
area. 

Rock Foundation 



Table 2-3. External load combinations f o r  moments a t  faces of supports. 

U c a t  ion I EarthFoundation I (see Figure 1-11 
Rock Foundat ion 

Maximum Direct Force Plus Associated Moment 
Occasionally the  maximum required s t e e l  area  at  a section is  governed 
by the  maxlmum d i rec t  force plus associated moment ra ther  than maximum 
moment plus associated d i rec t  force. Table 2-4 l is ts  the basic s e t  of 
loads and external load combinations producing these maximum d i r ec t  
forces i n  the  top slab, sidewall, and bottom slab. A s  shown i n  the  
table,  the  bottom s lab  may carry d i rec t  tension even though the conduit 
does not carry in te rna l  water, if t he  conduit is  founded on rock. 

Procedure at a Section 
With the  corner moments known, the  design moment and d i rec t  force a t  
a given section may be computed by s t a t i c s  fo r  each of the  loadings 
that is considered. This is i l l u s t r a t ed  below f o r  three top s lab  
locations and loadings. A U  end moments a r e  assumed with posi t ive  
Slope Deflection signs so tha t  senses a r e  automatically established and 
re la t ions  a r e  a l g e b r a i c u y  consistent. With the  moment and d i rec t  
force a t  a section known, t he  required s t e e l  area can be determined. 

I n  the following i l lus t ra t ions ,  moments a r e  i n  f t - l b s  per f t ,  d i rec t  
forces a r e  i n  l b s  per f t ,  pressures a re  i n  psf, thicknesses a r e  i n  inches, 
and distances a r e  i n  f t .  



Table 2-4. Loadings f o r  maximum d i rec t  forces.  

Member I Compression 

I I On ear th  B ~ - L c # ~  I Top Slab I On rock Bl-LC# 

Sidewall ~ 1 - ~ # 3  

Bottom Slab 

Tens ion - 
On ear th  ~3-LC@ 

On rock B ~ - I C # ~  

On rock Bl-IC#b 

Location 3 - posi t ive  bending with loading B~-LC#~.  - This case in- 
cludes in te rna l  hydrostatic sidewall loading due t o  the  conduit flow- 
ing fu l l  a s  an open channel. The section of maximum moment is  unknown. 

B P t l  I 

t t t t t t t t t t t l  
T 

Figure 2-12. Posit ive bending i n  top  slab with loading ~ 2 - L C # ~  . 



From Figure 2-12, the simple span reaction at B is 

The 

The 

The 
and 

reaction due t o  end moments is  

R, = (MB1 + MI1 + se + Mme)/Lt 

shear a t  distance 5 from the l e f t  support is 

Vp = R s  +%, - Ptl X~ 

section of maximum positive moment i s  determined by set t ing V = 0 
solving f o r  xp. Thus 

P 

If xp < 

If xp > 

Letting 

MA 

(k - tc/24,) take xp  = ($ - tc/24). 

MA be the desired moment 
1 

= (Rs + Qxp - 5 ptl xP ' - (MB1 + Mme 1 
I f ,  as written, MA < 0 the desired moment does not exis t .  The associa- 
ted  d i rec t  force In the top slab may be obtained as the sum of four 
components, see pages 39 - 40 and Figure 27 of TR-42. Hence 

b c a t i o n  4 - negative bending with loading ~ 3 - ~ # 5 .  - This case in- 
cludes internal  water loads due t o  the conduit flowing f u l l  as a 
pressure conduit. The midspan section i s  a distance xmid fromthe 
l e f t  support, where 

Figure 2-13. Negative bending i n  top slab with loading B3-IC#5. 



If, as writ ten,  MA < 0 t he  desired moment does not exis t .  The associated 
d i rec t  force i n  the  top s lab includes components due t o  external l a t e r &  
loading, in te rna l  hydrostatic sidewall loading, and i n t e r n d  presswe 
head loading. Thk di rec t  force is 

Since the  goal here i s  t o  obtain maximum negative bending a t  locat ion 4, 
t he  external l a t e r a l  load is assumed uniformly dis t r ibuted.  Thus no 
adjustment f o r  a trapezoidal d i s t r ibu t ion  is made in the  d i rec t  force. 

Location 6 - negative bending with loading El-LC#3. - k c a t i o n  4 i n  t he  
s ing le  c e l l  conduits of TR-42 corresponds t o  locat ion 6 i n  the  twin 
c e l l  conduits of t h i s  t e c h n i c d  release.  In TR-42 advantage is  

Figure 2-14. Negative bending i n  top  slab with loading BL-LC#~ 

taken of symmetry of t he  moment diagram, here a more general approach 
i s  required. 

1 
R s  = 2 Pt3 =t 

%I = ( M ~ 3  + MD )/Lt 



I f ,  as written, M < 0 the desired moment does not exis t .  The associa- B t  ted direct  force m the top slab may be obtained as the  sum of three 
components, see page 38 and Figure 24 of TR-42. Hence 

N t  = P ~ ~ ( L ~ / ~  + tt/24) + (MB3 + MD3)/Ls 

Centerwall Steel 
As previously given, the  maximum compressive axial force i n  the  center- 
w a l l  occurs with loading Bl-LC& i f  there a re  no internal  water loads 
and with ~2-K!#1 i f  internal water loads a re  included. For loading 
B~-LC#~, the compressive force is  

P = 2(RS + &) 

where, agatn 
1 

Rs = - 
2 P b b  

The axia l  load formula is  solved for  required steel. area. One half of 
t h i s  area i s  provided i n  each face. Thus 

where 
As = ver t i ca l  s t e e l  i n  each face of centerwall, i n  sq. in  per f t  

P = axial  compression, i n  lb s  per f't 
tc = centerwall thickness, in  inches 

Maximum tens i l e  axial force occurs i n  the centerwall, i f  it occurs, 
with one of four loadisng. These are  B3-W#2 or  KL-W#;! if the  conduit 
is founded on ear th and B 3 - ~ # 5  o r  ~ 1 - L C f i  i f  founded on rock. Both 
corresponding B3 and Bl loadings are  investigated. The B3 loading 
w i l l  not require a greater area than the B1 loading unless the internal  
pressure head is  suff ic ient  t o  overcome the  compressive force in  the  
centerwall caused by the internal  hydrostatic sidewall loading. The 
axia l  force in  the centerwall is  twice the reaction at I i n  the  top 
slab span BI.  The top joint I is  used rather  than the bottom joint F 
t o  avoid the necessity of computing the value of the concentrated 
reaction a t  F f o r  conduits founded on rock. Figure 2-15 shows the  
assumed senses fo r  loading ~3-LCjf2. 

The reactions a re  

% = ( ~ ~ ' 2  + M12 + Mme + Mme + M m e  + Mmde)/Lb 

Thus 
P = 2(Rs + 



I t t t t t t t t t t t !  

Figure 2-15. Centerwall tension for  loading B~-IG@ 

I f ,  as  written, P < 0 axial  tension does not ex is t  i n  the  centerwall. 
One-half of the  required area is provided in each face, o r  i n  sq. in.  
per f t  

The la rger  required area, fo r  compressive or t ens i l e  ax ia l  force, governs. 

Anchorage of Positive Steel  

The discussion on pages 43 - 45 o f ,  TR-42 concerning anchorage of posit ive 
s t e e l  i n  essence also applies t o  t w i n  c e l l  conduits. The inside s t ee l  
a t  the Joints of the  conduit, including the centerwall s tee l ,  must be 
provided suff ic ient  anchorage whenever tension exis t s  i n  the bar under 
some combination of loads. 

It i s  not necessary tha t  separate analyses be performed t o  establ ish 
whether the posit ive s t e e l  at the face of the support a t  locations 1, 
5 ,  7, 11, 13, and 17 is  ever i n  tension. The determinations a re  made 
and resu l t s  recorded fo r  anchorage locations 1 through 6 a t  the time 
the  required area is  determined. Similarly, i f  the  centerwall is  ever , 

i n  tension, t h i s  f ac t  is recorded f o r  anchorage locations 7 and 8. 

Tension may occur i n  the inside s t e e l  a t  .the corner diagonals a t  B and 
D even though it i s  possible tension never occurs i n  the corresponding 
s t e e l  a t  the  support face. This is investigated as shown in  TR-42 
except tha t  the moments due t o  internal water loads should carry the 
subscripts e or r t o  d i f fe rent ia te  between analyses based on ear th o r  
rock Toundat ions. 

Spacing Required by Flexural Bond 

Flexural bond s tresses  must be held within tolerable  values whenever 
a bar i s  i n  tension. Thus the m a x i m u m  shear tha t  can exis t  a t  a 



sect ion,  when t h e  associated s t e e l  a t  t h e  sec t ion i s  ac t ing  i n  tension,  
must be determined. A s  shown on page 47 of TR-42, allowable bar  spac- 
ing is independent of bar  s ize ,  f o r  usual s i zes ,  and i s  given by 

s = 7,093(d/v) 

f o r  tens ion top  bars,  and 

s = 10 ,015(d /~)  
f o r  o the r  tens ion bars, where 

s = center  t o  center  spacing of bars,  i n  inches 
d = e f f e c t i v e  depth a t  t h e  sect ion,  i n  inches 
V = shear a t  t h e  sect ion,  i n  l b s  per  ft 

Load Combinations Producing Minimum Required Spacinq 
Flexural  bond allowable s t e e l  spacing a t  a p a r t i c u l a r  loca t ion  i s  com- 
puted only a f t e r  it is  determined t h e  t e n s i l e  a rea  required i n  bending 
f o r  t h a t  loca t ion  is g rea te r  than zero. Table 2-5 l i s t s  t h e  external  
load combinations t h a t  produce maximum shear at  i n t e r i o r  loca t ions  when 
t h e  s t e e l  at  t h a t  loca t ion  is  ac t ing  i n  tension.  This t a b l e  i s  t h e  
same a s  Table 2-2 with t h e  exception of addi t ional  load combinations t o  
be considered a t  loca t ion  10. In t h e  case of pos i t ive  i n t e r i o r  s t e e l  

Table 2-5. Ekternal load combinations f o r  f l e x u r a l  bond 
at i n t e r i o r  l o c a t  ions. 

t h e  points  of  i n f l e c t i o n  a r e  located,  t h e  shear a t  t h e  points  of in-  
f l e c t i o n  i s  evaluated, and t h e  s t e e l  spacing i s  determined and recorded 
f o r  t h e  midspan locat ion.  The negative i n t e r i o r  s t e e l  spacing de te r -  
mined i s  t h a t  ac tua l ly  required a t  t h e  midspan locat ion.  For pressure 
conduits a l l  t h r e e  bas ic  s e t s  of loads a r e  considered t o  determine t h e  
one producing t h e  minimum allowable spacing a t  each locat ion.  O n l y  t h e  
bas ic  s e t s  of loads that produce tens ion i n  the  concerned s t e e l  a r e  in -  
volved i n  determining t h e  con t ro l l ing  spacing. 

Location 
(see  Figure 1-1) 

I n  connection with loca t ion  10, t h e  addi t ional  load combinations re -  
qui re  explanation. LC#1 w l l l  produce t h e  g rea tes t  requirement f o r  

Earth Foundat ion Rock F o u n d , i o 7  



negative s t e e l  area,  However, LC# o r  LC#&, i f  e i ther  produces tension 
i n  the  negative s tee l ,  m y  require a smaller s t e e l  spacing than LC#l. 

Table 2-6 l is ts  the  external load combinations t h a t  may produce maximum 
shear a t  the faces of supports when the  s t e e l  at  t h a t  locat ion is  ac t -  
ing i n  tension. Two o r  three load combinations are given f o r  each 
location.  The only load combinations investigated a re  those producing 
tension i n  the  concerned s t ee l ,  For pressure conduits all three  basic 
s e t s  of loads a re  investigated. 

Table 2-6. External load combinat ions f o r  f lexural  bond 
at  faces of supports. 

Locat ion 
(see Figure 1-1) 

Procedure a t  a Section 
Representative computations of s t e e l  spacing f o r  f lexural  bond are 

Earth Foundat ion 

i l i u s t r a t ed  below f o r  three top s lab locations and loadings. Many 
s imilar  computations a r e  made depending on the  loadings t h a t  produce 
tension i n  the  s t e e l  a t  the  location under considerat ion. 

Rock Foundation 



Figure 2-16. Points of inf lect ion i n  top slab with loading B ~ - L c # ~  

Location 3 - spacing with loading B ~ - I C # ~ .  - If tension occurs i n  the  
top s l ab  posi t ive  s t e e l  f o r  t h i s  loading, the  location of the section, 
and the  magnitude of the  maximum posi t ive  bending moment have been 
determined. Let these be xp and I$ respectively. 

%id 
/ - 

X~ 
v - 

Referring t o  Figure 2-16, the  span, i n  ft, between points of in f lec t ion  
is 

5 = ( 8 ~ A / ( ~ t l  - P ~ ~ ) ) ~ ' ~  

and the  shear a t  the  points of in f lec t ion  i s  

VP = (ptl - phdlLp/~ 

B 

so the required spacing at the points of inflection,  i n  inches, i s  

s = 10,015 dt/vp 

where dt i s  the  effect ive depth of the  top slab. 

The posit ions of the  l e f t  and r igh t  points of inflec-tiion measured from 
midspan location 3 a re  given, i n  ft, by 

L 
P 

1 L 

v 

( 3 ~ )  = (xp + $12) - xmid 
i n  which 

I 

where distances a re  i n  f t  and thickness i s  i n  inches. 



Location 4 - spacing with loading B ~ - I C # ~ .  - Ordinarily t h i s  loading 
does not control the  minimum spacing. If t h i s  loading produces tension 
i n  the  negative s tee l ,  then by reasoning similar t o  t h a t  i n  connection 
with Figures 2-12 and 2-13, 

1 
R s  = 2 P t A  

The shear a t  midspan location 4 is  

If the  depth below the  negative s t e e l  exceeds twelve inches, the  re-  
quired spacing is  

s = 7,093 dt/vmid 

otherwise 
s = 10,015 dt/vmid 

Location 6 - spacing with loading a - ~ # 3 .  - This loading w i l l  usually 
control  t he  minimum spacing f o r  conduits founded on earth.  From Figure 

The shear a t  the  face of the  support is  - 
Vf = ms + %) - Pt, ts t /24 

The depth below the  negative s t e e l  is checked t o  determine whether the  
s t e e l  qua l i f ies  as tension top bars or  a s  other tension bars. Allow- 
able spacing is computed accordingly. 

Summary of Design 

Figure 2-17 presents a summary flow chart showing the sequence of the  
design process discussed on the  preceding pages. The basic logic  of 
the  computer program prepared t o  obtain cross section designs of twin 
c e l l  rectangular conduits pa ra l l e l s  t h i s  flow chart. 



r- .- - -. - - - - - - .-. -. 
Begin design given 

! design mode 1 I c lear  spsns 
I ~ # l &  u#2 I- .- . - .. - 

1 - 
- '. -+ .- .-- 

Set all moments = 0 I,A 
Obtain required s lab  thicknesses 

current s e t  of moments I 

I changed i n  t he  cycle? 1 
I y e s  I no I 

1 ---- 
corner moments from indeterminate 

analyses using l a t e s t  s e t  of thicknesses 1 
J. --- 

r a v e  thicknesses previously 1 
- - -thicknesses have 

converged t o  a 
s tab le  s e t  

I 
_.t ---,--- 

required s t e e l  
areas a t  c r i t i c a l  loca t  ions - - -- -- 7 

t__.= 
r m e s  any sect ion require 
I compression s t e e l  i n  bending - - - - -  - - - ---- 

L- .... .yes 1 - n o  
I -I- 

d 
Increment thickness 4 of concerned s lab  

/ Determine anchorage requirements I 
of posi t ive  s t e e l  a t  corners L--- -. -. 2 

----A --A_. - _--A 

r - b t a i n  s t e e l  spacings a t  c r i t i c a l  locat ions1 

r- 4 
Design completed 

I Compute conduit quanti ty and write r e su l t s  
I-- - 

Figure 2-17. S-y flow chart  of design process. 





TWIN CELL RECTAVGULAR CONDUIT 
CROSS SECTION DES IGN 

ELAST l C ANALYS l S AND WORK1 K C  STRESS DES I Gt '  PRF USFD 

S P E C I A L  DESIGN PREPARED BY TPF DESIGN U N I T  AT UYATTSVILLE,  MD. 
FOR 

EXAMPLE S P E C I A L  D E S l  GNS FOR TWl N CELL TFCHNl CAL RELFASE. 
JOAN FOR ESA ---- 5 / 1 9 / 7 0  

S P E C I A L  DESIGN NO. 15-TW DES I Ct.' Y O D F = l l  

CLEAR SPANS ARF 6.g0 t l IGt I  AND 4 .g0  W l n F  

LOAD PARAMETERS ARE 
P V l =  4 8 8 8 .  P H I =  1 0 0 8 .  PV2 = 2 0 0 a .  Pt12= 3 0 6 0 .  

NUMBER OF CYCLES REQUIRFD FOR PONVFRGrP'CF= 4 
NUMBFR OF T R I A L  DESIGNS VADF = 1 

REQUIRED SLAB THICKNESSES ARF 
TTOP=12 .DO TSTOP=11.00 TSBOTz15 . d o  TBOT=13 . g o  T r T R - 1 1 . 6 C  

CONDUIT QUANTITY = 1 . 5 4 0 4  ?lJ.YDS.PFR FT. 

REQUIRED STEFL AREA HAX I ~ J M  S T F F L  s PAC I r!c 

POINTS OF I NFLECTIOF! ARE 
3 L =  1 . 9 2  3R= 0 . 8 8  
9 L =  2 .19  9 R =  2.477 

1 5 L =  1 . 8 2  l 5 R =  1 .07  

P O S I T I V E  ANCHORAGE R E W I  RFMFPT = !J230563?  





T W I N  C E L L  9ECTANCULAR CONDUIT  
CROSS S E C T I O N  DES I G R  

E L A S T I C  A N A L Y S I S  AND !JORKIr!G STRESS D E S I G N  ARF IJSFD 

S P E C I A L  D E S I G N  PREPARED BY THE D E S I G M  U M I T  A T  H Y A T T S V I L L E ,  FAD. 
FOR 

EXAMPLE S P E C I A L  D E S I G N S  FOR TWl  tJ C E L L  T F C H t l l  CAL RELEASE.  
JOAN FOR ESA ---- 5 / 1 9 / 7 f l  

S P E C I A L  DESIGN NO. 16-TN DES I C t '  h I O D F = l  1 

CLEAR SPAF'S ARE 4 . n Q  H I G H  AND 8 . 6 g  WlOF 

LOAD P A R M E T E R S  ARF 
PV1=2gBC1B. PI1 1 = 0. 

NUMBER OF CYCLES RFQU I RED FOR CONVFRGFfi1CF=11 
NUMBER OF T R I A L  DES I GNS IdADE = 1 

REQUIRED S L A B  T H I C K N E S S E S  ARE 
T T O P 4 7 . P 8  TSTOP=53. f l f l  TSBOT=58.OO T B O T 4 8 . 0 0  T C T R = 2 3 . l e  

D E S I G N  DELETED, S E F  YESSAGE PO. 3  

****** END OF D E S I G N  ****** 





T W I N  C E L L  RECTANGULAR CONDUIT 
CROSS SECTIOP'  D E S I G N  

E L A S T I C  A N A L Y S I S  AND WORKING STRESS D E S I G N  ARE USED 

S P E C I A L  D E S I G N  PREPARFD BY THE D E S I G N  l J N l T  AT H Y A T T S V I L L E ,  MD. 
FOR 

EXAMPLE S P E C I A L  DESIGNS FOR TWl  N C E L L  T E C H P I  CAL  RELEASF.  
JOAN FOR ESA ---- 5 / 1 9 / 7 g  

S P E C I A L  D E S I G N  NO. 17-TW D ES l rt' 'IODF =I 1 

CLEAR SPANS ARE 7.00 H I G H  AND 3 .06  W I D E  

LOAD PARAMETERS ARE 
PV1-2550L l .  P H I =  3 7 5 9 .  PV2 = 1 3 9 d B .  PH2 = l l : ! O f l .  

NUMBER OF CYCLES REQUl  RED FOR CONVFRGENCF= 5 
NUMBER OF T R I A L  DES l GNS !IADE 1 

REQUI  RED S L A B  T H l  CKNESSFS ARE 
T T O P = 5 7 . 6 0  TSTOP=33 .00  TSBOT-4O .!3O T B O T n 5 7 . 0 0  T C T R s 3 4 .  

5 7 . g o  3 3  .fig sa .m 5 7 . 0 0  3 4 . 8 8  

DFSIGF! DELETED, SEE % 4 E S S A C  PO. 5 

****** END OF D E S I G N  ****** 




