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S Y N O P S I S  

SHEAR STRENGTH OF HOLLOW CORE MEMBERS 

Producers o f  p res t r essed  h o l l o w  core  u n i t s  o f t e n  p e n a l i z e  themselves by 

adop t ing  unnecessa r i l y  c o n s e r v a t i v e  procedures f o r  c a l c u l a t i n g  t h e  shear capa- 

c i t i e s  o f  t h e i r  p roduc ts .  T h i s  b u l l e t i n  p resen t s  methods wh ich  pe rm i t  an eng i -  

neer  t o  more a c c u r a t e l y  p r e d i c t  t h e  shear c a p a c i t y  o f  h o l l o w  c o r e  u n i t s  and 

hence t o  more f u l l y  u t i l i z e  t h e i r  t r u e  shear c a p a c i t y  i n  des ign.  

The des ign  recommendations o u t l i n e d  i n  t h e  USERS GUIDE conform t o  t h e  

ph i losophy  and format o f  Sec t i on  11.4  o f  ACI  318-77, which dea l s  w i t h  t h e  shear 

s t r e n g t h  p rov i ded  by the  conc re te  f o r  p res t r essed  members. The recommendations 

a re  s u b s t a n t i a t e d  by t e s t s  o f  f a c t o r y  produced ho l  

des ign and p r e s t r e s s  l e v e l ,  as r epo r t ed  i n  PART l l  

low core  u n i t s  o f  v a r y i n g  

I t  i s  a n t i c i p a t e d  t h a t  t h e  recommendations o f  t h i s  b u l l e t i n  w i l l  be most 

s i g n i f i c a n t  i n  a p p l i c a t i o n s  i n v o l v i n g  members w i t h  h i g h  un i f o rm  loads o r  heavy 

concen t ra ted  moving loads,  s i n c e  such members a r e  o f t e n  c o n t r o l l e d  by shear i n  

des ign.  S u b s t a n t i a l  sav ings can be achieved due t o  lowered p r e s t r e s s  r e q u i r e -  

ments o r  increased span-load c a p a b i l i t i e s .  For  t h i s  reason t he  b u l l e t i n  should  

be p a r t i c u l a r l y  use fu l  t o  ma rke t i ng  personnel i n  b i d d i n g  jobs  o r  i n  conv inc i ng  

engineers  and b u i l d i n g  o f f i c i a l s  o f  t he  adequacy o f  s p e c i f i c  des igns .  
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USERS GUIDE 

INTRODUCTION 
! 

T h i s  b u l l e t i n  p r e s e n t s  r ecommenda t i ons  f o r  c a l c u l a t i n g  t h e  s h e a r  s t r e n g t h  

o f  h o l l o w  c o r e  members. These  recommenda t i ons  c o n f o r m  t o  p r o c e d u r e s  f o r  c a l c u -  

l a t i n g  t h e  s h e a r  s t r e n g t h  p r o v i d e d  b y  t h e  c o n c r e t e  i n  p r e s t r e s s e d  members con -  

t a i n e d  i n  S e c t i o n  1 1 . 4  o f  A C I  318-77 w h i c h  has  been  r e p r o d u c e d  b e l o w .  The  

p u r p o s e  o f  t h e  b u l l e t i n  i s  t o  p r e s e n t  me thods  f o r  d e t e r m i n g  c e r t a i n  p a r a m e t e r s  

i n  t h e  d e s i g n  e q u a t i o n s .  

11.4 - Shear strength provided by con-  
crete  for prestressed members 

11.4.1 - For members with effective prestress 
force not less than 40 percent of the tensile 
strength of  flexural reinforcement, unless a more 
detailed calculation is made in accordance with 
Section 11.4.2, 

but V ,  need not be taken less than 2\/f;bwd nor 
shall V ,  be taken greater than SJf;b,d nor the 
value given in Section 11.4.3. The quantity V , d / M ,  
shal! not be taken greater than 1.0, where Mu is 
factored moment occurring simultaneously with 
V ,  at s e c t i ~ n  considered. When applying Eq. (11- 
tO),d in the term V,, IM, shall be the distance from 
extreme compression fiber to centroid of 
prestressed reinforcement. 

11.4.2 -Shear strength V ,  may be computed in 
accordance with Sections 11.4.2.1 and 11.4.2.2, 
where V ,  shall be the lesserof V,, or V,,. 

11.4.2.1 - Shear strength V,,  shall be computed by 

but V,, need not be taken less than 1.7fl;bWd, 
where 

and values of M,,, and V ,  shall be computed from 
the load combination causing maximum moment 
to occur at the section. 

11.4.2.2-Shear strength V,, shall be computed 
by 

Alternatively, V,, may be computed as the shear 
force corresponding to dead load plus live load 
that results in a principal tensile stress of 4% at 
centroidal axis of member, or at intersection of 
flange and web when centroidal axis is in the 
flange. In composite members, principal tensile 
stress shall oe computed using the cross section 
that resists live load. 

11.4.2.3 - In Eq. (11-11) and (11-13), d shall be the 
distance from extreme compression fiber to 
centroid of prestressed reinforcement or 0.8h, 
whichever is greater. 

11.4.3 - In a pretensioned member in which the 
section at a distance h12 from face of support is 
closer to end of member than the transfer length 
of the prestressing tendons, the reduced 
prestress shall be considered when computing 
V,,. This value of V,, shall also be taken as the 
maximum limit for Eq. (1 1-10). Prestress force may 
be assumed to vary linearly from zero at end of 
tendon to a maximum at a distance from end of  
tendon equal to the transfer length, assumed to 
be 50 diameters for strand and 100 diameters for 
single wire. 

NOTE: See NOTATION a t  t h e  end o f  t h i s  b u l l e t i n  f o r  d e f i n i t i o n s  
o f  v a r i a b l e s  i n  t h e  above  e q u a t i o n s .  



DESIGN RECOMMENDATIONS 

The value of bw, the web width, should be taken as the minimum value, bi, 

in all expressions and equations in Section 11.4 except in Equation 11-11. 

Equation 1 1 - 1 1  can be rewritten as follows: 

where 

K = 0.6 unless a higher value is justif 

AE = the effective shear area defined as 

AE is the portion of the cross-sect 

ied by tests 

fol lows: 

ion above the centroid 

of the prestressing steel enclosed by lines that follow 

the contour o f  the cross-section but never exceed a 45" 

angle with respect to the vertical. 

The definition for AE is illustrated in Figure 1 for 8 in. Spiroll and 

12 7 2  in. DyCore. Table 1 gives the effective shear areas for the products 

tested. 

TABLE 1 

EFFECTIVE  SHEAR AREAS OF HOLLOW CORE PRODUCTS 
( F o r  4 f t  Wide S e c t i o n s )  

PRODUCT 
DEPTH b"d % 

(inches) w A~ bad 
W 

Spi roll 
88 138 ' 1.58 

64 103 1.62 



1 2 ~ / ~ ' '  DYCORE 



For S p i r o l l  and DyCore where h  L 14  i n . ,  t h e  f o l l o w i n g  va lues o f  K have 

, been e s t a b l i s h e d  by t e s t s  and may be used i n  des ign :  

M 
max , 
V.d 

10.0 
I 

M 
max 

0  5 - < 10.0 V.d - 
I 

As a  s e r v i c e  t o  i t s  membership, t h e  CTA l a b o r a t o r y  w i l l  t e s t  o t h e r  ho l l ow  

core  p roduc ts  a t  no expense t o  i t s  member companies p rov i ded  t h e  i n t e r e s t e d  

company w i l l  supp ly  t h e  t e s t  specimens. The purpose o f  such t e s t s  would  be t o  

determine more f a v o r a b l e  va lues  o f  K. The r e s u l t s  would then be f u r n i s h e d  t o  

a l l  CTA members. I n  a d d i t i o n ,  t h e  s t a f f  w i l l  upon reques t  f u r n i s h  i n f o r m a t i o n  

f o r  h o l l o w  c o r e  oroduced i n  m e t r i c  o r  S I  u n i t s  o f  measurement. 

DESIGN EXAMPLE ( i n  U.S. u n i t s )  

Concrete Technology Co rpo ra t i on  i s  c u r r e n t l y  des ign ing  DyCore p lanks  f o r  

a  p rocess ing  f a c i l i t y  f o r  Washington F i s h  & Oys te r  Co. o f  S e a t t l e ,  Washington. 

Because o f  t h e  h i g h  l i v e  l oad  requi rements ,  shear  i s  l i k e l y  t o  c o n t r o l .  

Loading - l i v e  load  - 500 l b / f t 2  

- 2  '/, i n .  n o n - s t r u c t u r a l  t opp ing  - 50 l b / f t 2  

- 6 i n .  i n s u l a t i o n  - 12 l b / f t 2  

Span - 2 2 f t 6  i n .  

Use 13 i n .  DyCore - f; = 8000 p s i  

SECTION PROPERTIES 

A = 308 i n ?  

d  = 11.25 i n .  

b = 8 . 5 i n .  
W 

b = 48 i n .  

Y _  = 7.25 i n .  
L 

Zt 
= 887 in !  

A, = 200 i n ?  



Design for Ultimate Moment 

or the required moment capacity is 3204 k*in. 

Trv 8 Strands 

Using strain compatibility, $M = 3208 k*in. O.K. 
U 

NOTE: See CTA Technical Bulletin 75-B4 for discussion of ultimate 
moment based on strain compatibility. 

Check Flexure-Shear Strength 

Since the dead load and live load are both uniform loads, Vi/Mmax ' I s 

independent of the magnitude of the live load. At a point x-distance 

f rom either support, 

Substituting V/M for Vi/Mmax: 

where 

M -  K = 1.0 when - - V d 
- 2x < 10.0 ~ ( a -  X )  - 

K = 0.75 otherwise 

However, Vci need not be less than 1 . 7 q  b; d. 



For purposes o f  comparison l e t  

M/Vd 1.12 2.36 3.78 5.44 7.47 10.06 13.62 19.00 28 .80  53.30 

Vli ( k i p s )  181.2 95.1 66.1 51.4 42.3 31.5 26.8 19.2 19.1 16.8 

Vc*i ( k i p s )  168.5 82.4 53.1 38.7 29.6 23.4 18.5 14.7 14.4 14.4 

Vu ( k i p s )  50.3 45.4 40.5 35.6 30.7 25.8 20.9 15.9 11.0 6.13 

For eve ry  v a l u e  o f  x ,  V i s  l a r g e r  than V t h e r e f o r e  the  des ign  i s  
c i u ' 

adequate f o r  shear .  I f ,  however, t he  shear i s  checked on t he  b a s i s  o f  

Vz i t  can be shown t h a t  two more s t rands  would be necessary t o  s a t i s f y  

t he  f l e x u r e  shear c o n s t r a i n t .  

Check Web-Shear S t r e n y t h  

= 47.5 k i p s  

App l y i ng  a s t r e n g t h  r e d u c t i o n  f a c t o r  o f  0.85, 

V 
CW 

= 40.4 k i p s  

A t  x = 3 f t ,  V u  = 40.5 k i p s .  There fo re  i t  i s  necessary t o  f i l l  t h e  vo ids  

w i t h  conc re te  t o  3 f t  f rom t h e  suppor t .  



D E S I G N  EXAMPLE (in s.1. units) 

Concrete Technology Corporation is currently designing DyCore planks for 

a processing facility for Washington Fish & Oyster Co. of Seattle, Washington. 

Because of the high live load requirements, shear is likely to control. 

Loading - live load - 23940 Pa 

- 63.5 mrn non-structural topping - 2394 Pa 

- 152.4 mm insulation - 574.6 Pa 

Span - 6.86 m 

Use 330 mm DyCore - f' = 55.2 MPa 
C 

SECTION PROPERTIES 
- 

Desisn for Ultimate Moment 

or the required moment capapcity is 362518 N*m. 

Try 8 Strands 

Using strain compatibility, @M = 362970 N0m. O.K. u 

Note: See CTA Technical ~ulletin 75-B4 for discussion of ultimate 
moment based on stxain compatibility. 



Check Flexure-Shear Strenath 

Since the dead load and live load are both uniform loads, 
Vi/Mmax 

is 

independent of the magnitude of the live load. At a point x-distance 

from either support, 

Substituting V/M for V./M : 
1 m a x  

where 

K 
M - = 0.083 when - - 
Vd 

- 2x 1 10.0 
x(R - X) 

K = 0.062 otherwise 

r y .  
However, 

'ci 
need not be less than 0.14ivr bX d. 

C W  

For purposes of comparison let 

For every value of x, V . is larger than V therefore the design is 
C 1 u 

adequate for shear. If, however, the shear is checked on the basis of 

V *. it can be shown that two more strands would be necessary to satisfy 
C1 

the flexural shear zonstraint, 



Check Web-Shear Strength 

~pplying a strength reduction factor of 0.85, 

At x = 0.914 m, V = 180.1 kN. Therefore it is necessary to fill the 
u 

voids with concrete to 0.91 m from the support. 



PART I 

THEORETICAL DISCUSS ION 

INTRODUCTION 

Equat ion 11-11 o f  A C I  318-77 determines t h e  f l e x u r e  shear c a p a c i t y  o f  

p res t r essed  concre te  beams. I n  o r d e r  t o  app l y  t h i s  equa t i on  t o  h o l l o w  c o r e ,  

a  va lue  o f  t h e  web w i d t h ,  b  must be determined.  S ince t he  w i d t h  o f  t h e  webs 
w ' 

of  most h o l i o w  core  p roduc ts  i s  n o t  cons tan t ,  i t  i s  n o t  c l e a r  what t h e  appro-  

p r i a t e  va l ue  o f  b  should be. As was demonstrated i n  CTA Techn ica l  B u l l e t i n  
W 

76-B11/12, t h e  shear s t r e n g t h  o f  a  concre te  member i s  underest imated when t he  

minimum web w i d t h ,  b" i s  used f o r  bw. The purpose o f  the  b u l l e t i n  i s  t o  
w ' 

develop a p p r o p r i a t e  parameters f o r  use i n  Equat ion 11-11, a l l o w i n g  t h e  f u l l  

shear c a p a c i t y  o f  ho l l ow  c o r e  members t o  be used i n  des ign .  

APPLICATION 

Al though  i n  many cases h o l l o w  co re  des ign i s  c o n t r o l l e d  by moment, t h e r e  

a r e  impor tan t  a p p l i c a t i o n s  where shear c o n t r o l s .  I n  gene ra l ,  shear may c o n t r o l  

under heavy un i f o rm  loads when t h e  p l ank  must be h i g h l y  p res t ressed .  Examples 

o f  s t r u c t u r e s  where these c o n d i t i o n s  a re  met a re  warehouses, docks, and r e s e r -  

v o i r  covers  sub jec ted  t o  e a r t h  l oad ing .  Another s i t u a t i o n  where shear may 

c o n t r o l  i s  t h a t  o f  moving loads.  Examples aga in  i n c l u d e  warehouses and docks 

as w e l l  as s h o r t  span b r i dges .  Shear i s  u n l i k e l y  t o  c o n t r o l  

t i o n s  as f l o o r  p lanks f o r  o f f i c e s  and apartments o r  f o r  park  

EFFECT OF COMPRESSION ZONE ON SHEAR CAPACITY 

Shear f a i l u r e  i s  u s u a l l y  assoc ia ted  w i t h  d iagona l  c rack 

i n  such a p p l i c a -  

ng decks. 

ng. For a  p r e -  

s t r essed  conc re te  beam w i t h o u t  s t i  r r u p s ,  f a i l u r e  i s  assumed t o  occur  when 

d iagonal  c racks f i r s t  appear. The ACI Code d i s t i n g u i s h e s  between two types  

o f  d iagonal  c racks.  

1 .  Web Shear Cracks 

Web shear c rack i ng  occurs  when the p r i n c i p a l  tens ion  a t  t he  c e n t r o i d  

exceeds 4m. Equat ion 1 1 - 1 3  o f  ACI 318-77 i s  a  simp1 i f i e d  exp ress i on  o f  
C 

t h i s  f a c t .  The shape o f  the compression zone has r e l a t i v e l y  l i t t l e  e f f e c t  



on the principal tension at the centroid. Therefore it is recommended 

that the minimum web width be used in calculating the shear strength by 

Equation 11-13. 

2. Flexure Shear Cracks 

Flexure-shear cracking occurs after a nearly vertical flexural crack 

has formed. Additional shear is required to transform the flexural crack 

into a diagonal or flexure-shear crack. Subsequent to formation of a dia- 

gonal crack, fai lure usual ly occurs due to shear compression, shear ten- 

sion or diagonal tension. Shear tension is unlikely in prestressed members 

because the strands are flexible enough so that there is little tendency 

for dowel action to split the concrete along the prestress steel. Shear 

compression is unlikely in members with wide flanges. Finally diagonal 

tension is unlikely in beams with wide thick flanges. A fourth type of 

failure is also possible, If enough flexural cracks bend over and join 

one another, the top flange may buckle or local compressive stresses in 

the web may cause web crushing. However, the load must be increased 

beyond the load that causes the f i rst diagonal crack before fai 1 ure can 

occur. For these reasons it is expected that failure due to flexure- 

shear will be delayed in hollow core members. 

FLEXURE-SHEAR DESIGN EQUATION 

Equation 1 1 - 1 1  (reproduced below) defines the flexure-shear capacity of 

prestressed concrete beams without stirrups and the contribution of the con- 

crete to the shear capacity of beams with stirrups. 

The physical model on which Equation (1) is based states that the shear 

at failure equals the shear that exists at flexural cracking plus an amount 

that depends only on the properties of the cross-section and the concrete 

strength. The sum of the last two terms of Equation (1) is the shear at 

flexural cracking. The first term is independent of the loading. 



I n  o r d e r  t o  o b t a i n  b e t t e r  c o r r e l a t i o n  w i t h  t e s t  r e s u l t s ,  Equat ion ( 1 )  was 

, r e w r i t t e n  as f o l l o w s :  

where 

A i s  t he  e f f e c t i v e  shear a rea .  
E 

K i s  a  cons tan t  r e l a t i n g  t he  r a t i o  o f  t h e  shear s t r e n g t h  t o  the 

square r o o t  o f  t h e  compressive s t r e n g t h .  

V i s  t h e  shear t h a t  e x i s t s  when f l e x u r a l  c rack i ng  f i r s t  occu rs .  
C r 

The procedure f o r  computing A i s  desc r i bed  i n  t he  USERS G U I D E .  Based on E 
the d i s c u s s i o n  o f  t h e  p rev ious  s e c t i o n ,  t h e  e f f e c t i v e  shear area depends on 

bo th  t h e  w i d t h  and t h e  t h i ckness  o f  t h e  f l ange .  The procedure o f  ex tend ing  the 

e f f e c t i v e  shear area a t  a  45' ang le  i n t o  t h e  f l a n g e  recognizes t h i s  f a c t .  The 

45" ang le  was chosen somewhat a r b i t r a r i l y  (a l a r g e r  ang le  i s  p robab ly  s t i l l  

s a f e ) ;  however, i n  most cases A i s  f a i r l y  i n s e n s i t i v e  t o  t h i s  angle .  E 

The A C I  Code e s t a b l i s h e s  a  lower  bound t o  K o f  0.6 f o r  a l l  cases, b u t  i t  

i s  reasonable  t o  expect  K t o  depend on a  number o f  f a c t o r s .  I n  sha l low beams, 

cracks tend t o  be narrower  so t h a t  aggregate i n t e r l o c k  does n o t  break down as 

soon. The aggregate s i z e  a l s o  has a  bea r i ng  on K. For these reasons i t  was 

decided t o  t r e a t  K as a  v a r i a b l e  t o  be determined f rom t e s t  r e s u l t s .  



P A R T  I I 
TEST P R O G R A M  

APPROACH 

I n  o r d e r  t o  v e r i f y  Equa t ion  ( Z ) ,  t e s t s  were conducted on ho l l ow  c o r e  p lanks 

o f  v a r y i n g  depths,  c r o s s - s e c t i o n s ,  and p r e s t r e s s  l e v e l s .  The m a j o r i t y  o f  the 

t e s t s  d i d  n o t  end i n  shear f a i  1 u re  even though the  load o f t e n  exceeded 1 . 5  

t imes t he  shear c a p a c i t y  c a l c u l a t e d  on the bas i s  o f  t he  minimum web w i d t h .  

Thus the t e s t  loads rep resen t  l owe r  bounds t o  the  shear capaci  t y .  I n  o r d e r  

t o  prove t h a t  Equa t ion  (2)  g i v e s  conse rva t i ve  p r e d i c t i o n s  o f  shear c a p a c i t y  and 

because o f  the  d i f f i c u l t y  o f  o b t a i n i n g  a  shear f a i l u r e ,  i t  was dec ided t o  t e s t  

the c r i t i c a l  shear span ( d e f i n e d  as t he  shear span w i t h  the  l a r g e s t  d i f f e r e n c e  

between t h e  c a l c u l a t e d  f l e x u r e  shear capac i t y  and t he  c a p a c i t y  c o n t r o l l e d  by 

a l l  o t h e r  c o n s t r a i n t s ,  i n  most cases u l t i m a t e  moment) f o r  each specimen. In  

a d d i t i o n  as many o t h e r  shear  spans as p r a c t i c a l  were t es ted .  Equat ion (2 )  was 

cons idered v e r i f i e d  i f  f o r  each specimen t h e  l oad  p r e d i c t e d  by Equat ion (2) 

was reached a t  t he  c r i t i c a l  shear  span and i n  a d d i t i o n  the  " u l  t i m a t e  load"  o r  

the load p r e d i c t e d  by Equat ion ( 2 )  was reached f o r  a1 1 o t h e r  shear spans t es ted .  

The u l t i m a t e  l oad  was computed based on assumptions l i s t e d  below. 

ULTIMATE STRENGTH 

For each specimen, t h e  u l t i m a t e  s t r e n g t h  o f  t h e  p l ank  under a  s i n g l e  con- 

cen t ra ted  l oad  was c a l c u l a t e d  f o r  a1 1 shear spans up t o  one ha1 f the l e n g t h  o f  

the specimen. For each shear span t es ted ,  t he  l oad  was increased u n t i l  e i t h e r  

the c a l c u l a t e d  u l t i m a t e  l oad  was reached o r  u n t i  1 f a i  l u r e  occur red .  The 

assumptions which form t h e  b a s i s  o f  the u l t i m a t e  s t r e n g t h  c a l c u l a t i o n s  a r e  as 

f o l  lows: 

1 .  The c a p a c i t y  o f  each s e c t i o n  depends o n l y  on the shear,  moment, and 

"bond" a t  t h a t  s e c t i o n .  Cond i t i ons  a t  o t h e r  sec t i ons  do n o t  a f f e c t  the 

. capac i t y  o f  the s e c t i o n  under cons ide ra t i on .  



2 .  The c a p a c i t y  o f  t h e  p l a n k  as a  who le  under  any p a r t i c u l a r  l o a d i n g  

c o n d i t i o n  depends o n l y  on t h e  c a p a c i t y  o f  t h e  c r i t i c a l  s e c t i o n .  T h i s  

assumpt ion  and the  f i r s t  assumpt ion  a r e  t h e  b a s i s  f o r  e x t e n d i n g  t h e  r e s u l t s  

o f  c o n c e n t r a t e d  l o a d  t e s t s  t o  o t h e r  l o a d i n g  c o n d i t i o n s ,  such as u n i f o r m  

I oads.  

3 .  A l l  $ f a c t o r s  a r e  s e t  t o  1 . 0 .  

4 .  F l e x u r e - s h e a r  c a p a c i t y  i s  c a l c u l a t e d  by  Equa t ion  (1 )  w i t h  b  = b': 
w W '  

b u t  i s  n o t  c o n s i d e r e d  as a  c o n s t r a i n t  on  t h e  u l t i m a t e  c a p a c i t y .  

5 .  Web shear  c a p a c i t y  i s  computed by  E q u a t i o n  11-13 o f  A C I  318-77 r e p r o -  

duced be low:  

6 .  Moment c a p a c i t y  i s  based on s t r a i n  c o m p a t i b i l i t y .  The assumed s t r e s s -  

s t r a i n  r e l a t i o n s h i p s  f o r  t h e  c o n c r e t e  and p r e s t r e s s i n g  s t e e l  a r e  shown i n  

F i g u r e s  2  and 3 r e s p e c t i v e l y .  

7. The e f f e c t  o f  bond on moment c a p a c i t y  n e a r  t h e  ends o f  p r e s t r e s s e d  

beams i s  c a l c u l a t e d  by t h e  p rocedure  o u t l i n e d  i n  CTA T e c h n i c a l  B u l l e t i n  

77-B10/11 w h i c h  i s  based on t h e  p r o v i s i o n s  o f  S e c t i o n  12.11.1 o f  A C I  

318-71. The f o l l o w i n g  e q u a t i o n  i s  used t o  c a l c u l a t e  t h e  s t r e s s  i n  t h e  

p r e s t r e s s i n g  s t e e l :  

F i g u r e  4 shows t h e  assumed r e l a t i o n s h i p  between f and d i s t a n c e  f r o m  t h e  
s  e  

end o f  t h e  beam. 

LOADING 

The h o l l o w  c o r e  p l a n k s  were t e s t e d  as s i m p l y  suppor ted  beams s u b j e c t e d  t o  

s i n g l e  c o n c e n t r a t e d  l oads .  F i g u r e  5 shows a  t e s t  i n  p rog ress  and F i g u r e  6 

i l l u s t r a t e s  t h e  t e s t  se tup .  The span,  L ,  was t h e  d i s t a n c e  between t h e  c e n t e r  

l i n e s  o f  t h e  3 i n .  b e a r i n g  pads.  The shear span,  a ,  was measured as t h e  span 

f rom t h e  c e n t e r  l i n e  o f  t h e  l o a d i n g  t o  t h e  c e n t e r  l i n e  o f  t h e  n e a r e s t  s u p p o r t .  

D i a l  gages w i t h  1 i n c h  t r a v e l  were used t o  measure d e f l e c t i o n s  a t  t h r e e  p o i n t s .  

I n  a d d i t i o n ,  a  r u l e r  was used t o  measure d e f l e c t i o n s  a t  t h e  l o a d  p o i n t  when t h e  

1 i n c h  t r a v e l  o f  t h e  d i a l  gage was exceeded. 

14 



STRAIN 

FIG. 2 :  ASSUMED STRESS-STRAIN RELATIONSHIP 
OF CONCRETE FOR USE IN ULTIMATE 
STRENGTH CALCULATIONS ONLY. 

STRESS 

FIG.3 : ASSUMED ST ESS-STRAIN RELATIONSHIP 
FOR 1 / 2 ~ m  2 7 d  STRANDS. 
THIS ED TO TEST DATA 
FROM SOURCES : 

CO. TESTS 3/12/76. 

STRAIN 



STRANDS INITI- 
ALLY POSTEN - 
SIONED. TO 189Kri 

FIG.4- VARIATION OF f,, WITH 
DISTANCE FROM END OF THE 

BEAM. 

FIG. 5 - TEST IN PROGRESS 
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CALIBRATED 
HYDRAULIC RAM 1 1 

% LOADING 

1 / 2 " 0  270K TIE-DOWN STRANDS 
JANCHORED TO FLOOR 

DIAL GAUGES 

FIGURE 6 -SUPPORT AND LOADING APPARATUS 



SPECIMENS 

The f o l l o w i n g  v a r i a b l e s  were cons idered t o  be t h e  most s i g n i f i c a n t :  

1. Cross -sec t ion  

2 .  P res t r ess  

3 .  Moment t o  shear r a t i o  

D i f f e r e n t  h o l l o w  core  p roduc ts  were t e s t e d  i n  o r d e r  t o  va ry  the c r o s s -  

s e c t i o n a l  p r o p e r t i e s .  The p r o p e r t i e s  o f  i n t e r e s t  were t he  r a t i o  o f  A t o  b + d  
E w 

and the  depth o f  t h e  s e c t i o n .  The range o f  p r e s t r e s s  l e v e l s  t h a t  cou ld  be 

t e s t e d  was l i m i t e d  by t h e  d i f f i c u l t y  o f  o b t a i n i n g  shear f a i l u r e s  f o r  l i g h t l y  

prest ressed.  beams, however, an ex tens i ve  range o f  moment t o  shear r a t i o s  was 

t e s t e d  by v a r y i n g  t he  shear span. The leng ths  o f  t h e  t e s t  specimens was some- 

what random because t h e  specimens were chosen f rom s t o c k  i n  t he  Concrete 

Technology Co rpo ra t i on  ya rd .  N ine  specimens were t e s t e d ,  whose p r o p e r t i e s  a re  

l i s t e d  i n  Tab le  2.  The concre te  compressive s t r e n g t h s  were determined f rom 

Schmidt Hammer read ings  (see t h e  supplement t o  CTA Techn ica l  B u l l e t i n  7 6 - ~ 3 ) .  

F igu re  7 shows f o u r  o f  t h e  t e s t  specimens. 

PRODUCT 

Spi r o l l  i 
DyCore 

TABLE 2 

SPECIMEN LIST 

DEPTH 
( i  nches) 

NUMBER 
0  F 

STRANDS 

f '  
C 

(ks i ) 

11.4 

1 1 . 5  





TEST PPfXEDURE 

Severa l  p r e l  i m i n a r y  t e s t s  o f  damaged h o l l o w  c o r e  p l a n k s  were made a t  the  

b e g i n n i n g  o f  work on t h i s  b u l l e t i n .  I t  was i m m e d i a t e l y  c l e a r  f r o m  t h e  r e s u l t s  

t h a t  h o l  low c o r e  has a  v e r y  h i g h  f l e x u r e  shear  c a p a c i t y  so t h a t  i t  wou ld  be 

d i f f i c u l t  t o  o b t a i n  shear  f a i l u r e s .  For t h i s  reason t h e  f o l l o w i n g  t e s t  p r o -  I 

cedure  was adop ted .  Each p l a n k  was f i  r s t  t e s t e d  w i t h  t h e  c o n c e n t r a t e d  l o a d  

a t  o r  n e a r  midspan.  The l o a d  was inc reased  u n t i l  t h e  c a l c u l a t e d  u l t i m a t e  l o a d  

was reached.  Then t h e  l o a d  p o i n t  was moved s e v e r a l  f e e t  t oward  one s u p p o r t  and 

r e t e s t e d .  The p r o c e s s  was r e p e a t e d  un t i 1 f a  i 1 u r e  o c c u r r e d .  The undamaged end 

was then  t e s t e d ,  b u t  w i t h  a  s h o r t e r  o v e r a l l  span. I n  t h i s  manner as many as s i x  

t e s t s  were  p e r f o r m e d  on a  s i n g l e  p l a n k .  R e s u l t s  f o r  a  l a r g e  number o f  moment 

t o  shear r a t i o s  were  o b t a i n e d .  

RESULTS 

The t e s t  r e s u l t s  a r e  summarized i n  T a b l e  3. The specimens a r e  d e s i g n a t e d  

by two numbers and a  l e t t e r .  The f i r s t  number g i v e s  t h e  t o t a l  dep th  o f  t h e  

p l a n k ,  t h e  l e t t e r  d e f i n e s  t h e  p r o d u c t  ( S  means S p i r o l l  and D means ~ y ~ o r e )  and 

t h e  l a s t  number g i v e s  t h e  number o f  s t r a n d s .  The t e s t  number, t h e  t o t a l  span 

( L ) ,  t h e  shear  span (a )  and t h e  embedment l e n g t h  (gd)  a r e  g i v e n  i n  t h e  n e x t  

t h r e e  co lumns.  The rema inder  o f  t h e  t a b l e  i s  d i v i d e d  i n t o  c a l c u l a t e d  va lues  

and t e s t  r e s u l t s .  The i n d i v i d u a l  headings a r e  e x p l a i n e d  be low:  

M /V.d - Shear t o  moment r a t i o  a t  t h e  c r i t i c a l  s e c t i o n .  
max I 

P - Va lue  o f  t h e  c o n c e n t r a t e d  l o a d  w h i c h  causes the  f i  r s t  
C r 

f l e x u r a l  c r a c k  t o  o c c u r .  C r a c k i n g  i s  assumed t o  o c c u r  
when t e n s  i 1 e  s t r e s s  f i r s  t exceeds 6 T .  

P - Load t h a t  causes f l e x u r e - s h e a r  f a i l u r e  a c c o r d i n g  t o  
c  i 

E q u a t i o n  1 1 - 1 1  o f  A C I  318-77 w i t h  bw = b". 
W 

M - Load t h a t  causes a  f l e x u r a l  f a i l u r e  where t h e  moment 
c a p a c i t y  i s  based on s t r a i n  c o m p a t i b i l i t y .  

B 
- Load t h a t  causes a  " f l e x u r a l  bond" f a i l u r e .  T h i s  v a l u e  

i s  g i v e n  o n l y  when i t  i s  l e s s  than  P M ' 



P 
rnax 

- Load t h a t  causes a  web shear f a i l u r e  a c c o r d i n g  t o  
E q u a t i o n  1 1 - 1 2 ,  assuming f u l l  p r e s t r e s s  a t  t h e  c r i t i c a l  
s e c t i o n .  

- Same as P c w ,  b u t  u s i n g  t h e  v a l u e  o f  t h e  e f f e c t i v e  p r e -  
s t r e s s  t h a t  e x i s t s  a t  a  d i s t a n c e  o f  d /2  f r o m  s u p p o r t .  

- Shear a t  t h e  l o a d  p o i n t  when t h e  l oad  e q u a l s  P . .  
C I 

- Maximum l o a d  reached d u r i n g  t h e  t e s t .  

- Load when f i r s t  f l e x u r a l  c r a c k  was obse rved .  T h i s  v a l u e  
i s  n o t  a lways  r e c o r d e d  because i n  some cases t h e  beam 
was c r a c k e d  p r i o r  t o  t e s t i n g .  

- Computed by  t h e  f o l l o w i n g  f o r m u l a  

whe r e  

Vmax = shear a t  t h e  l o a d  p o i n t  when P = P ma x 

V = shea r  a t  t h e  l o a d  p o i n t  when P - P 
c r  c r  

A - Maximum r e c o r d e d  d e f l e c t i o n  
max 

A - Res idua l  d e f l e c t i o n  
r e s  

The column headed " f a i l u r e  code" g i v e s  a  code 
f o r  t h e  c o n d i t i o n  o f  t h e  bean when t h e  t e s t  ended 

None o f  t h e  t e s t s  r e s u l t e d  i n  f l e x u r e - s h e a r  f a i l u r e s ,  even though a l l  b u t  

f i v e  o f  t h e  t e s t s  were p r e d i c t e d  t o  r e s u l t  i n  f l e x u r e - s h e a r  f a i l u r e s  

a c c o r d i n g  t o  E q u a t i o n  1 1 - 1 1 ,  based on t h e  minimum web t h i c k n e s s .  T h i s  can be 

seen by  cornpari  ng P w i t h  Pu where P  = m i  n  (P P  P i ) .  
c  i u M '  'B' cw' cw 

On ly  two o f  t h e  t e s t s  a c t u a l l y  ended i n  shear  f a i l u r e s ,  b u t  they  were  web 

shear  f a i l u r e s .  The r e s t  o f  t h e  f a i l u r e s  were  due t o  bond e x c e p t  f o r  t h e  t e s t s  

o f  6 i n c h  S p i r o l l  wh i ch  ended when t h e  s t e e l -  y i e l d e d .  P robab ly  those t e s t s  

wou ld  a l s o  have r e s u l t e d  i n  bond f a i l u r e  e x c e p t  t h a t  t h e  end o f  t h e  beam was 

ex tended 4 f e e t  p a s t  t h e  s u p p o r t  p o i n t  i n  o r d e r  t o  a v o i d  bond f a i l u r e .  



TABLE 3 

TEST RESULTS 

I I V A R I A B L E S  CULATED 
7 

- 
"ci 

k i p s )  
- - 

19.8 
24.8  

'res 
( i n . )  

0 . 3 0  
0 . 3 0  

0 . 0 0  
0 . 1 3  
0 .25  

TEST I 

K 

1 . 1 9  
1  . 70  

0 .47  
0 . 6 4  
0 .94  
1 .16  
0 . 2 2  
0 . 8 7  

t 
'cr 

k i p s )  

24.4 
30 .1  

14 .1  
20.7 
22.1 
29 .6  

24 .3  

'max 
k i p s )  

34.0 
44.5 

2 3 . 6  
27.6 
35.5 
45 .0  
39 .1  
40.2 

( k i p s )  ( k i p s )  djL 
' A I L U R E  

hlnax 'ODE* 
( i n . )  

'; F A I L U R E  CODE - 1 = F l e x u r e  Shear 
2 = L k b  Shear  
3 = Noiwn t - C u n c r e t e  C r u s h i n g  
4 = Mcment-Steel Y i e l d i n y  
5 = Mon~ent-St , -ands S l i p p i n g  
6 = No F d i  l u r e  



VARIATION OF LOAD CAPACITY WITH SHEAR SPAN 

A c h a r t  o f  load c a p a c i t y  versus shear span was made f o r  each specimen 

t e s t e d  where t he  shear span v a r i e d  f rom zero  t o  one h a l f  o f  t he  span o f  the 

o r i g i n a l  p l a n k .  For each va lue  o f  t h e  shear span, s i x  values o f  the load  

were p l o t t e d  - P P P ' and P  F igures  8 through 1 1  show such 
c r 9  ' c i ,  cwY cw9 B ' 

p l o t s  f o r  f o u r  o f  t he  t e s t  specimens. The t h e o r e t i c a l  u l t i m a t e  load envelope 

( i g n o r i n g  P  ) i s  g i ven  by t h e  lowest  va lue  o f  the  c o n s t r a i n t s  P 
c  i P 

M '  'B' cw' 
and P ' . P 

cw ma x  
and Pcr  f o r  each t e s t  a re  a l s o  p l o t t e d  i n  t he  f i g u r e s  a t  the 

shear span o f  t h e  t e s t .  For those t e s t s  where the  t o t a l  span was reduced, 

P and Pcr a r e  a l s o  reduced t o  t h e  load t h a t  would cause the same moment a t  max 
t he  l oad  p o i n t  w i t h  t he  o r i g i n a l  span. 

The t e s t  c r a c k i n g  l oad  was always h i g h e r  than the c a l c u l a t e d  c rack i ng  

l oad  even though a  very h i g h  va lue  o f  the concre te  compressive s t r e n g t h  was 

used i n  t h e  c a l c u l a t i o n s .  

P appeared t o  f o l l o w  t he  P  c o n s t r a i n t  f a i r l y  c l o s e l y .  A l though o n l y  
ma x  M 

two t e s t s  a c t u a l l y  f a i l e d  due t o  moment o u t s i d e  o f  t he  r eg ion  c o n t r o l  l e d  by 

b o n d , m a n y o f  t he  t e s t s w e r e c a r r i e d  t o p  o r j u s t s l i g h t l y a b o v e P  For 
M M ' 

most o f  these t e s t s ,  the  p lanks appeared t o  be near  f a i l u r e  a t  t he  t ime the  

t e s t  was ended. 

When bond c o n t r o l l e d ,  Pmax was sometimes very c l ose  t o  P and sometimes 
6 

s u b s t a n t i a l l y a b o v e P  F o r t h e  12 i n c h D y C o r e w i t h 6 s t r a n d s ,  PBwas  f o l l owed  
B  ' 

q u i t e  c l o s e l y  as can be seen f rom F igu re  8. For the  8 inch  S p i r o l l  w i t h  9 

s t rands ,  P was exceeded i n  t h r e e  t e s t s .  Fo r  the 124 inch  DyCore and 6 i nch  
B 

Spi r o l l ,  bond never c o n t r o l  l e d .  For the 149 i nch  DyCore, bond d i d  no t  theo- 

r e t i  ca l  l y  c o n t r o l ,  however, the  t e s t s  ended i n  bond w i t h  P exceeding P max B ' 
A l though these t e s t s  a re  n o t  exhaus t i ve ,  t he  r e s u l t s  s t r o n g l y  suppor t  the  

con ten t  i o n  t h a t  the  p resen t  A C I  p r o v i s i o n s  f o r  bond a re  adequate f o r  ho l  l o w  

co re .  

When web shear c o n t r o l  l ed ,  P tended t o  ignore  P  ' . l ns tead f a i  1 u re  
max cw 

usual l y  occu r red  a t  a  load  s l  i g h t l y  above P . I n  some cases, even P was 
CW cw 

exceeded by a  cons i derabl  e  amount. 



LOAD 
(KIPS) 

SHEAR SPAN 

(-1 
NO. STRANDS =: 6, L =  28 '  
8 - FAILURE 
0 - N O  FAILURE 



LOAD 
(KIPS) 

SHEAR SPAN 

(FT)  

L = 18'-6",  NO. STRANDS = 11 
8 - FAILURE 
0- NO FAILURE 



L O A D  
(KIPS) 

SHEAR S P A N  
(FT )  

NO. S T R A N D S  = 11 ,  L = 31 ' 
Qp- FA ILURE 
0- NO FAILURE 



LOAD 

(~1m.l 

SHEAR SPAN 

(F-9 
NO. STRANDS = 9, L = 24'- 9" 
O - FAILURE 
0- NO FAILURE 



The p l anks  t o t a l l y  ignored  the f l exu re - shea r  c o n s t r a i n t  as can be seen 

\ i n  a l l  f o u r  graphs.  The shear span t h a t  was cons idered  t o  be most c r i t i c a l  i n  

f l exu re - shea r  was t h e  span where the  d i f f e r e n c e  between P and a1 1 o t h e r  
c  i 

c o n s t r a i n t s  was maximum. Th is  p o i n t  occurs  where the P 1 ine f i r s t  i n t e r -  
M 

sec ts  P o r  P Each specimen was t e s t e d  a t  l e a s t  once wi t h  the load a t  o r  
cw B ' 

near t h i s  shear span. The f a c t  t h a t  f l e xu re - shea r  d i d  n o t  occur  even a t  t h i s  

c r i t i c a l  span meant t h a t  o n l y  a  lower  bound t o  the f l exu re - shea r  capac i t y  

cou ld  be found f o r  the  p roduc ts  t e s t e d .  

DISCUSSION OF TEST RESULTS 

F i g u r e  12 shows a  p l o t  o f  K versus t he  r a t i o  o f  the  maximum load  reached 

d u r i n g  each t e s t  t o  the  c a l c u l a t e d  u l t i m a t e  l o a d  f o r  t h a t  t e s t .  From F igu re  

12, i t  can be seen t h a t  i n  no case d i d  the  p l a n k  f a i  1 be fo re  P was reached. 
U 

Thus none o f  the  t e s t s  represen t  upper bounds t o  K because none o f  the t e s t s  

ended e i t h e r  i n  f l exure -shear  f a i l u r e s  o r  a t  loads l e s s  than P . Since o n l y  
U 

lower bounds t o  K can be determined from the  t e s t  da ta ,  the  recommended design 

values o f  K w i l l  be l ess  than  t h e  " t r ue "  va lue  o f  K u n t i l  s u f f i c i e n t  da ta  a re  

a v a i l a b l e  t o  o b t a i n  upper bounds t o  K. 

For  every  t ype  o f  specimen t e s t e d ,  a  lower  bound t o  K exceeding 0 .6  was 

ob ta i ned  (see Table  3 ) .  A t o t a l  o f  seventeen t e s t s  y i e l d e d  K va lues g r e a t e r  

than 0.6 as can be seen i n  F i g u r e  12. For t he  specimens t es ted ,  A /b"d v a r i e d  E w 

f rom 1.58 t o  2.47 and d  v a r i e d  f rom 4.25 inches t o  12.75 inches.  Th is  range i s  

l a r g e  enough t o  j u s t i f y  r e p l a c i n g  b*d by AE i n  Equa t ion  (1 )  f o r  any type  o f  
W 

ho l  low core  p roduc t .  

F i ve  o f  the t e s t s  r e p r e s e n t i n g  f o u r  d i f f e r e n t  specimens y i e l d e d  K values 

g r e a t e r  than 1.0 .  For 14* i nch  DyCore, the l a r g e s t  K value was 1 . 1 4 ,  w h i l e  f o r  

6 inch  Spi r o l  1 the l a r g e s t  va lue ob ta i ned  was 1.70. As d iscussed p rev ious1  y ,  K 

i s  expected t o  vary i n v e r s e l y  w i t h  the  e f f e c t i v e  depth.  Thus a  va lue o f  K=1.0 

i s  j u s t i f i e d  f o r  S p i r o l l  and DyCore p lanks which a re  144 i nch  deep o r  l e s s .  

Al though a  h i ghe r  va lue  o f  K cou ld  be j u s t i f i e d  f o r  sha l l owe r  sec t i ons ,  n o t  

enough r e s u l t s  a re  a v a i l a b l e  a t  t h i s  t ime t o  develop a  r e l a t i o n s h i p  between K 

and depth.  



The r e m a i n i n g  v a r i a b l e s  a r e  t h e  p r e s t r e s s  l e v e l  and t h e  moment t o  shear 

r a t i o .  The p r e s t r e s s  a t  t h e  c e n t r o i d  o f  t h e  c o n c r e t e  ranged f r o m  0.494 t o  

0.876 k s i ,  w h i c h  r e p r e s e n t s  a  reasonab le  range o f  va 

r a t i o  may be n o n - d i m e n s i o n a l i z e d  by d i v i d i n g  M 
/ V i  max 

The K v a l u e s  a r e  p l o t t e d  a g a i n s t  M /V.d i n  F i g u r e  
max I 

I ues.  The moment t o  she(7r 

by t h e  e f f e c t i v e  d e p t h ,  d .  

13 .  The range o f  Mmax/Vid 

was 3.2 t o  22.0 .  A v a l u e  o f  K =  1 . 0  can be j u s t i f i e d  f o r  M max /V.d I r a t i o s  l e s s  

than  o r  equa l  t o  10.0 because t h e  f i v e  t e s t s  w i t h  K v a l u e s  g r e a t e r  t han  1 . 0  

o c c u r r e d  i n  t h a t  range.  /V.d r a t i o s  g r e a t e r  t h a n  10.0 ,  K = 0.75 appears 
For Mmax I 

t o  be j u s t  i f i e d  by t h e  d a t a .  There  i s  no reason  t o  expec t  K t o  be sma 1 l e r  f o r  

h i g h M  / v i b  r a t i o s ,  a l t h o u g h u n t i I a d d i t i o n a i  d a t a  can b e o b t a i n e d  i t  i s  p r u -  
max 

den t  t o  use t h e  v a l u e  K = 0.75 i n  des ign .  

SUMMARY 

Based on t h e  r e s u l  t s  o f  t e s t s  d e s c r i b e d  i n  PART I I ,  t h e  f o l  l o w i n g  conc l  u -  

s  i o n s  we r e  made : 

1 .  I t  i s  n e a r l y  i m p o s s i b l e  t o  o b t a i n  a  f l e x u r e - s h e a r  f a i l u r e  o f  a 

h o l l o w  c o r e  p r o d u c t .  

2 .  E q u a t i o n  (2)  may be used t o  o b t a i n  c o n s e r v a t i v e  e s t i m a t e s  o f  f l e x u r e  

shear  c a p a c i t y .  

3.  F o r  any h o l l o w  c o r e  p r o d u c t ,  A may be computed by t h e  p rocedure  o u t -  E  
l i n e s  i n  t h e  USERS GUIDE. 

4 .  F o r  any h o l l o w  c o r e  p r o d u c t ,  K = 0 . 6  may be used i n  d e s i g n .  

5 .  H i g h e r  v a l u e s  o f  K f o r  s p e c i f i c  p r o d u c t s  may be j u s t i f i e d  by t e s t i n g .  
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NOTATION 

a  = Shear span, d is tance  between concentrated load and cen te r  support 

A = Gross area  of concrete cross-sect ion 

A 
E 

= Effec t ive  shear  a rea  

b  = Width of compression f lange 

b$ = Web width 

b  = Minimum web width 
W 

d  = Distance from extreme compression f i b e r  t o  cent ro id  of  
long i tud ina l  tens ion reinforcement 

db = Nominal diameter of p r e s t r e s s i n g  s t r a n d  

f '  = Speci f ied  compressive s t r eng th  of concre te ,  p s i  
C 

fi = Square roo t  of spec i f i ed  compressive s t r e n g t h  of concrete,  p s i  
C 

£d 
= S t r e s s  due t o  unfactored dead load,  a t  extreme f i b e r  o f  sec t ion  

where t e n s i l e  s t r e s s  is  caused by e x t e r n a l l y  applied load,  p s i  

f  = Compressive s t r e s s  i n  concrete ( a f t e r  allowance f o r  a l l  p r e s t r e s s  
PC l o s s e s )  a t  cent ro id  of c ross  sec t ion  r e s i s t i n g  ex te rna l ly  appl ied  

loads o r  a t  junction of web and f lange  when the  cent ro id  l i e s  
wi th in  the  f lange ,  p s i .  

f  = Compressive s t r e s s  i n  concrete due t o  e f f e c t i v e  p r e s t r e s s  fo rces  
Pe only ( a f t e r  allowance f o r  a l l  p r e s t r e s s  l o s s e s )  a t  extreme f i b e r  

of sec t ion  where t e n s i l e  s t r e s s  i s  caused by ex te rna l ly  applied 
load,  p s i .  

f = S t r e s s  i n  p res t r e s s ing  a t  design moment 
P  s  



f  = E f f e c t i v e  s t r e s s  i n  p r e s t r e s s i n g  s t e e l  i n  uncracked sec t ion  
se  

f  = Speci f ied  t e n s i l e  s t r e n g t h  of p r e s t r e s s i n g  tendons, p s i  
P  u  

h  = Overal l  th ickness  of member, inches 

I = Moment of i n e r t i a  of sec t ion  

K = Constant determined by t e s t s  

L = Span measured cen te r  l i n e  t o  cen te r  l i n e  of bearing 

kd 
= Embedded length  o f  s t r a n d  from end of  member t o  c r i t i c a l  

sec t ion  

M = Moment causing f l e x u r a l  cracking a t  sec t ion  due t o  e x t e r n a l l y  
c r  

appl ied  loads.  

M = Maximum fac to red  moment a t  sec t ion  due t o  e x t e r n a l l y  applied 
max 

loads  

'c i 
= Nominal shear  s t r e n q t h  provided by concrete when diagonal 

cracking r e s u l t s  from combined shear  and moment 

V = Nominal shear  s t r e n g t h  provided by concrete when diagonal  cracking 
CW 

r e s u l t s  from excess ive  p r i n c i p a l  t e n s i l e  s t r e s s  i n  web 

vd 
= Shear force  a t  s e c t i o n  due t o  unfactored dead load 

'i 
= Factored shear  fo rce  a t  sec t ion  due t o  e x t e r n a l l y  appl ied  loads 

occurring simultaneously with M 
max 

V = Ver t i ca l  component of e f f e c t i v e  p r e s t r e s s  force  a t  sec t ion  
P  

W 
d 

= Dead load pe r  f o o t  

W = Uniform load pe r  f o o t  

Wu 
= Factored t o t a l  u l t imate  load per foot  



Y 
t 

= D i s t a n c e  f rom c e n t r o i d a l  a x i s  o f  t h e  g r o s s  s e c t i o n ,  n e g l e c t i n g  
r e i n f o r c e m e n t  t o  e x t r e m e  f i b e r  i n  t e n s i o n  

z 
t 

= S e c t i o n  modulus 

@ = S t r e n g t h  r e d u c t i o n  f a c t o r  


